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Abstract
Particle emission from fused-deposition modelling (FDM) desktop 3D printer has raised concerns regarding indoor personal health due to the increased accessibility of printers. This study characterises the size, number and morphology of the emitted particles to understand particle formation processes and propose guidelines for their abatement. The effects of extruder temperature, layer height, filament colour and shape of printing object on particle characteristics emitted from a desktop 3D printer have been investigated. For first time, a novel thermogravimetric analysis (TGA) method is developed to emulate printing process, which offers an insight into particle formation during extruder heating, standing-by and during the printing process. 
Printing temperature and printing layer height demonstrate a major effect on the ultra-fine particles (UFP) emitted, while ABS filament colour shows a minor effect on the nanoparticle emissions. Local temperature and concentration of volatile organic material emitted from the filament play an important role on the number of particles formed, while printing duration and air change rate (ACH) affect particle size, morphology and emission rate. The results provide guidelines to develop printing settings that will lead to lower UFP emissions for improved indoor air quality. The developed TGA method demonstrates the qualitative behaviour of particle emissions from a material under heating, which is approximately proportional to an FDM printers’ particle emissions; facilitating increased repeatability, time and cost efficiency for printing material assessment.
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Highlights
· UFP concentrations directly depends on printing temperature and filament feed rate.
· Particle emissions are directly proportional to filament thermal decomposition.
· TGA method can be used as a qualitative indicator of particle emissions from FDM printers.
· TGA demonstrates the effect of filament temperature on particle emissions.

Introduction
In recent years rapid prototyping, otherwise known as additive manufacturing (AM), using 3D printers has been the method of choice for various applications such as aerospace, military, health and research & development [1], [2]. Its popularity is due mainly to the cost and time efficiency of prototyping a three-dimensional representation of small-scale modelling [3]. The price of 3D printers has been substantially reduced compared to their predecessors [4], [5], which has led to a significant number of 3D printers being owned in the private sector. Fused deposition modelling (FDM) 3D printers utilize a heated nozzle to melt solid thermoplastic filament and deposit melted plastic layer by layer to form a solid three-dimensional object. The most common filament materials are acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) [4]–[8]. ABS is known to have better mechanical strength in comparison to PLA, and therefore ABS has gained more popularity when the prototype needs to resist substantial amounts of force [5]. 
During the extruding process, the plastic filament is heated, injected through the nozzle and deposited on the bed plate to form the desired part. When materials (in this specific case: thermoplastic) are heated, solid particles can be formed and volatile and semi-volatile components released, which can be adsorbed/condensed onto the surface of solid particles and/or nucleate, leading to the formation of new particles (nucleation) [4], [7]. However, most 3D printer users are not aware of exposure to these ultrafine particles as there are a limited number of studies related to the particle emissions from desktop 3D printers. Indoor 3D printer usage is another indoor activity that contributes to significant indoor-generated particles [9], [10] apart from activities related to cooking [11]. These studies agree that a significant amount of nanoparticles up to magnitude of 1012 #/min (corresponding to approx. 105 #/cm3) [4], [6]–[8] in the size range of 5 to 50 nm can be emitted. The cornerstone study by Oberdörster et al. [12], mathematically evaluates the deposition fraction of nanoparticles in the human respiratory tract [13]. They obtained 30% deposition of 5 nm particles and 50% deposition of 20 nm particles in the alveolar region [12], [13]. Additional studies demonstrate the genotoxic activity of particles emitted from combustion sources on human lymphocytes [14], as well as alveolar exposure to particles causing inflammation leading to cardiovascular repercussions [15], [16]. The clinical relevance of the deposition rates predicted for nanoparticles [17] are in the size range of those emitted from 3D printers. Additionally, the change in concentration of indoor particles could affect blood pressure and heart rate in a study on indoor air filtration [18]. However, there are only a limited number of 3D printing studies that examine the different parameters which influence particle emissions, these are summarised in the supporting information section (Figure S1).
The effect of thermoplastic material type on 3D printing particle emissions have been investigated. A study on the effects of filament materials was carried out on a Prusa i3 Fused Deposit Material (FDM) 3D printer using various type of filaments; PLA from corn starch, wood, copper, bamboo & Flex PLA, styrene-free co-polyester (CP), carbon-fibre filled CP, nylon & Ninja-Flex [4]. The results report that wood & bamboo filaments emitted particle at the rate as high as 2.78×1012 and 2.65×1012 #/min, respectively. A test protocol namely, Blue angel method (BAM) [19] developed for characterizing laser printer emissions was used to conduct tests on six commercially available FDM 3D printers, using 3 filaments (ABS, PLA and nylon) [7]. The filament compound was found to vary for each company which affected printing performances. PLA filament emitted less SVCs (semi-volatile compound) which resulted in lower NPF (new particle formation) and lowered growth rate. Filament colour, brand, material and printer brand [8] are also factors that have be found to affect particle emissions. Different brands of PLA and ABS filaments have also shown a significant effect on particle emission characteristics. The particle yield of 3D printing using ABS has been shown to be between 3 to 1000 times more than the PLA filament equivalent [7], [8]. Higher particle emissions have been observed when printing using ABS filament, found to be caused by the higher extrusion temperature in comparison to PLA [5], [8], [20] which leads to more SVCs generated due to nucleation. For instance, particle emission rate from printing ABS is usually in 1010 #/min range while printing PLA may have emission rate of 108 #/min range [5], [21]. For a specific printing material, higher extrusion temperatures also led to higher peak of particles number for all filament materials. Elevated temperatures can increase the concentration and thus partial vapour pressure of organic material [4] which enhances volatile organic components condensation and/or particle nucleation. 
Printer settings may also influence particle emissions. Bed plate temperature has been reported to influence ultra-fine particle (UFP) concentration [8], where UFPs are defined as diameter <100 nm. Additionally, at 100oC, ABS can emit vapour that condenses on existing particles in the vicinity and increases existing particle size and mass [7]. On the other hand, extrusion speed (or feed rate) has been shown to exhibit moderate effects on particle number and total particle concentration due mainly to the combined effects from nozzle thermal decomposition and rate of material fraction [20]. P. Azimi et.al [8] designed a test shape to evaluate the performance of AM, by combining a range of shapes thought to dynamically influence printer emissions. However, they concluded that changing the printing shape from a NIST (National Institute of Standards and Technology) test part into a cube resulted in an insignificant change of UFP emission magnitude. Instead UFP emission rates highly depend on printing duration. Q. Zhang et al. [7] estimated Particles Emission Rates (PERs) as a function of print time and total particle (TP). They found nanosized particles at the start of filament melting temperature independent from the mechanical part moving inside the printer. Printing malfunctions e.g. a clogged nozzle, could also cause a significant increase in particles number due to longer exposure time of filament material to the hot nozzle that enhanced filament thermal decomposition and increased particles vaporization. Ultra-fine particles or nanoparticles dominate over 90% of particle number distribution [7]. It was proposed that forcing air cooling onto the extruder nozzle could affect particle formation and its dynamics. In addition, more than 60% of total particle surface area emission was accounted for between a particle sizes of 50-200 nm. The relationship of total particle number and total particle mass was linear. The author suggested that particle yield could be determined by TP divided by printing time (yield = TP/t) or TP/object mass, but this parameter may pose some uncertainties due to different filament feed rate for different printing object. 
There is scarce research literature, which aims to characterise particle emissions in terms of morphology, nanostructure and composition as well as to identify volatile organic components emitted from the printing process. Some authors have employed nanofiber-based air filter to sample particles [22], while [6], [23] have attempted to use transmission electron microscopy (TEM) in order to gain an insight the particles’ morphology, using similar methods to the previously developed for particles from combustion sources [24]. Obtaining particles to analyse with TEM can be a challenge due to small particle size and lack of carbon core resulting in inconclusive results from TEM [6]. Zontek et al. (2017) [23] successfully obtained TEM images of particles from a desktop 3D printer revealing that some of the particles from FDM printers also produce agglomerated particles similar to that of particles from diesel engine exhaust gas [25]. Volatile organic compound (VOC) emissions from FDM printers have also received attention from researchers [6], [26]–[28] due the potential health risks posed upon inhalation. ABS filament has been proven to emit more SVCs than PLA filament, which contributes to a significantly greater number of particle emissions. Overall, VOC emissions shows similar trends to particle emissions in term of concentration in given volume (i.e. room) [26].
This study aims to comprehensively understand the formation process of particle emissions derived from an FDM printer by means of particle characterization of the particle size, morphology and nanostructure. For the first time, a thermal gravimetric method has been created to gain novel knowledge on the relationship of thermal decomposition of the thermoplastic filament and particle emissions. The understanding of how particle formation is generated during the working cycle of the 3D printer operation process (i.e. pre-printing preparation, warm-up, printing phases) will increase knowledge towards particle formation prevention. This new understanding will offer direction to thermoplastic AM health and safety protocols in the workplace or during private use. Specific objectives are defined as: (i) to measure and characterize particle emission from FDM 3D printer using ABS filament, (ii) to study the parameters that affect particle emissions such as extruder temperature, layer height, printing speed and filament colour, and (iii) to understand how printing material thermal properties affects particle emission during the working cycle of printing.
Materials and Methods
Instruments
An FDM printer is used in this study, with 2 printing nozzles and a heated bed plate of 24.6 cm × 15.2 cm × 15.5 cm. The printer is equipped with an extruder fan and an active cooling fan. The extruder fan keeps the motor cool and disperses heat from the heat sink, while the active cooling fan cools the filament as it extrudes. A cover was positioned in the top of the printer to enable a closed space setup to minimise interactions within the laboratory. White ABS filament is used to maintain consistency of experimental results. Orange ABS filament is used for comparative study on the effect of colour on nanoparticle emissions. Printing settings are presented in table 1.
Table 1. Printing parameters.
	Parameter
	Value

	Printing temperature
	220, 230 and 240°C

	Build plate temperature
	110°C

	Layer height
	0.1, 0.2 and 0.3 mm

	Infill printing speed
	90 and 112.5 mm/s

	Infill density/pattern
	100%/Lines

	Number of shells
	2

	Shell printing speed
	40 and 50 mm/s

	Gantry travel speed (not printing)
	150 mm/s

	Filament diameter
	1.75 mm


A Scanning Mobility Particle Sizer (SMPS) setup with Electrostatic Classifier (EC) model 3080 equipped with a Differential Mobility Analyser (DMA) 3081 and a Condensation Particle Counter (CPC) 3775 is employed to measure the particle size distribution (PSD). The measured particle size ranges from 7.77 to 273.8 nm and the scan up and scan down times were 45 s and 10 s, respectively. Setup operational parameters are shown in supporting information, see Table S1. Dilution system is not utilised. The sample probe is installed through an entry point at the top right corner of the printer, and the probe end is mounted in the side at the middle centre of the printing chamber.
A Thermogravimetric (TG) analyser, Perkin Elmer model Pyris 1, is used to evaluate thermal characteristic of filaments as well as particle emissions during the filament heating at several isothermal conditions within the TG analyser in order to gain the insight of how particles are formed by the 3D printing process. The temperature precision of the TG furnace is ±5°C and the microbalance precision is 0.001%. 
Transmission electron microscopy was used to examine particles collected on TAAB™ carbon filmed copper grids from 3D printing of cube shape with extruder temperature of 230°C and 0.2 mm layer height.
3D printing test procedure
Test conditions for 3D printing are as shown in the supporting information section (Figure S2) where printing shape, extrusion temperature and printing layer height are varied. For the study of printing temperature on UFP emission characteristics a printing layer height of 0.2 mm, a bed plate temperature of 110°C and a flat shape were chosen as controlled parameters. In addition the effect of different sampling positions of the SMPS probe in the printing chamber area have been also studied. 
The test shape for printing is classified into 2 forms: a flat square (referred as ‘flat’) (25 mm × 25 mm × 5 mm) and a cube (referred as ‘cube’) (25 mm × 25 mm × 25 mm) with designated printing configurations (e.g. printing temperature, bed plate temperature, layer height, %infill, rate, etc.). The test procedure is divided in the following steps:
1. After turning on the printer, allow the printer to heat up both nozzles to working temperature.
2. Clean up the nozzle using ethanol and ensure minimum residual filament material is left in the nozzle.
3. Blow/ventilate printing chamber with compressed air to flush out residual particles
4. Close printer cover during printing and measurement.
5. Start data logging particle size distribution for the background particle level
6. Emitted particle concentration during printing sampling is measured for pre-printing, during printing and post printing.
Thermogravimetric analysis (TGA) procedure
The TGA method can be divided into 2 tests for different purposes; ramp-up test and isothermal test. The ramp test is designed to characterise the properties of the ABS filament. Isothermal tests are designed to understand particle emissions at different temperatures to emulate particle formation and growing mechanisms from real FDM printer.
During the ramp-up test, heating ramps of 3°C/min were used as shown in the supporting information (Figure S3). A heating rate of 3°C/min is selected here based on compromise between time duration requires for TGA and accuracy of kinetic reaction. Prior to the test, the sample was maintained in an ambient air atmosphere at 40°C for 10 minutes in order to minimise the effect of ambient temperature fluctuations and buoyancy effect [29]. Then the temperature was increased until the filament mass completely decomposed according to the designated heating programme. The sheath flow rate (40 mL/min) and balance flow rates (60 mL/min) were controlled constant during all experiments. 
[bookmark: _Ref519862826]For the isothermal test, a new methodology was developed in order to relate thermogravimetric characteristics of the material to particle emissions from real printing process. The outlet flow of the TG chamber was coupled to the inlet of the SMPS to measure particle size distributions during the isothermal heating programmes (Figure S3). Isothermal temperature (230-250°C) was chosen based on the actual printing temperature (with ±10°C step). Isothermal programme at 350°C was selected to observe particle emission of ABS filament at temperature beyond ABS’s decomposition temperature onset [30].
In order to gain an insight of the relation between the effects of consecutive printing on total particle concentration a cyclic heating controlled test is designed to mimic printing behaviour. The TGA heating programme is designed to emulate this situation by heating up quickly from 31°C to 250°C at the heating rate of 50°C /minute. Then the furnace temperature is kept isothermal at 250°C for 30 minutes to mimic ‘during-printing’ process. After that, cooling down of sample is performed at approximately 50°C /minute to 31°C and remain at this temperature for 30 minutes before repeating the same heating process again. Note that all these tests are conducted in N2 atmosphere.
Data analysis methods
Three experimental tests have been performed to confirm the reproducibility of the results for the evaluation of 3D printing temperature, filament colour, layer height, printing speed as well as for the TGA experiment. Average results are presented throughout the manuscript. The average particle size distribution at the time at which maximum particle concentration levels are reached (peak) and the confidence interval calculated at 95% confidence level are presented. 

Particle emission rate (ER) estimation (eq. 1) is proposed by Stephen et al. [5] which has been used by other researchers [4], [8], [9], [21] in the same field. Where V is the considered chamber volume in m3, C(tn+1) is total particle concentration (#/cm3) at time a step later, C(tn) is total particle concentration (#/cm3) at time (tn), tn is time step of particles measurement, LUFP is the particles loss rate constant (lpm) and  is the background particle concentration inside the chamber before printing. LUFP is the estimation from log-linear regression based on particle decay which has similar calculation to that of air change rate (ACH) calculation [31]. LUFP is direct proportional to ACH.

 			(1)
The total number of particles emission (Esum) (in #) [21] is expressed in eq. 2, where Et is average particles emission rate during printing process (#/min) and toperation is total time of printer operation (minute).

 									(2)
The value of total number of particles by eq. 2 is not normalised. Results between printing samples with different mass will be incomparable. Therefore, the authors [8], [21] propose a normalised total particles emission number with respect to mass or ‘yield’ (Em) (in #/g) of filament used during printing process as shown in eq. 3.

							(3)
Where mobject is the mass of printed object in gram (g).
Results and discussion
Effect of 3D printing working cycle and sampling position on nanoparticle emissions
a) Flat-shape printing sample
Figure 1 (left) illustrates total particle concentration of printing flat shape. The results reveal that the highest number of particles is observed during the first specimen is being printed, while there is a substantial reduction of total particle concentration for the second and third specimens printing process as shown in Figure 1 (left). This phenomena has been reported by most authors [5]–[8], [32]. As the filament is continuously heated by the extruder, this leads to an increase in the concentration and thus partial pressure of volatile printing material in a clean environment (i.e. low local particle concentration before the first printing). The emitted vaporised VOC cools down and then the local conditions in terms of particle pressure and temperature are closer to the saturation region for the printing species. As there is limited availability of particle surface for the volatile species to be adsorbed, those are transformed into ultrafine particle (UFP) by nucleation process. 
Total particle concentration and geometric particle mean size are reduced over printing time for each specimen. The increase in the average particle size is due to (i) a reduction in the number of small particles due to a decrease in the number of particle formation from emitted vapour, particle deposition in the printing chamber walls due to Brownian movement majorly affecting to small size particles and particle to particle collisions as well as to (ii) an increase in the number of large size particles due to particle to particle collisions [7] and surface growth by condensation/adsorption of newly emitted material volatile. 
As printing progressed, the total particle number begins to decline, and particle mean size sharply increases (up to 33 nm). During printing of the flat shape, average emission rate of 1.01x1010 particle per minute (#/min) and maximum emission rate of 5.16x1010 #/min are observed. When the printing process ends, a noticeable fast decay of total particle concentration and size can be observed as total particle concentration returns to the background level. A printing time of 16 minutes is required to finish printing the flat shape specimen which is considered to be of short duration for 3D printing. Thus, when printing small part sizes, the particle concentration does not reach steady-state particle concentration and size levels.
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	[bookmark: _Ref23332387]Figure 1. Evolution total particle emissions (left) and particle size distribution (right) from printing flat shape as printing progresses.



Figure 1 (right) illustrates particle size distribution (PSD) from printing the flat shape, which indicates that particles emitted from the printing process noticeably change their size towards larger sizes whilst the number of particles decline as printing progresses. The results reveal that the printing process produces ultrafine particle (UFP) [33] as the primary mode of particle emissions throughout the duration of printing. This type of semi-volatile material is identified in a previous work [7] as being generated by the continuous heating of extruder nozzle. Meanwhile, the number of particles in accumulation mode gradually increases its concentration through particle agglomeration [7], [34], aggregation and/or surface growth; whilst the number of UFP is reduced, which partially contributes to the shift in particle size towards larger particle size. In addition, particle deposition due to Brownian motion also affect to the decrease in the number of small size particles leading to lower total particle concentration levels and larger average particle size. This particle loss causes a noticeable reduction in the total particle number concentration. 
Figure S4 in the supporting information demonstrates the effect of sampling in the printing chamber area. The probe is positioned on the right side and left side of the printing chamber at two different heights to observe the change. The results reveal that the particle growth inside the printing chamber is uniform and symmetric which is confirmed by the size distribution profiles that remain relatively same size between positions of each sampling attempt. Sampling closer to the time of the particle formation peak indicates larger mean particle diameter (30 nm approx.) in comparison to particles sampled near the end of printing (20 nm approx.) regardless of sampling position. The uniformity and symmetry of particles distributed in the printing chamber is due to the extruder cooling fan and the movement of the extruder itself which assist particle homogeneity. In addition, the extruder also releases added heat into printing chamber which increases printing chamber temperature and affected natural air change rate (ACH) of the chamber. 
b) Cube-shape printing sample
[bookmark: _GoBack]Figure 2 (left) depicts total particle concentration and emission rate from printing the cube shape which indicate similar trends as discussed with printing flat shape. The printing duration of cube shape was significant longer (55 minutes) which allowed total particle concentration to reach steady-state approximately 15 minutes after printing started. According to Figure 2 (left), total particle concentration suddenly increases and reaches the peak around 4×105 #/cm3 and then drastically decreases to approximately 2×105 #/cm3 (for the first printing specimen) after 20 minutes, approximately. After 20 minutes of printing onward, total particle concentration becomes virtually constant and remains steady-state throughout printing process until the end of printing. The second and third printing specimen exhibit very similar total particle concentration pattern, but also show a noticeable smaller UFP peak concentration and lower total particle concentration during steady-state. This phenomenon is attributed to the saturation of particles inside the printing chamber and the collisions between existing particles with newly formed particles decreasing the total particle number concentration.
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	Figure 2. Evolution total particle emissions (left) and particle size distribution (right) from printing 3D shape as printing progresses.



Figure 2 (right) demonstrates the shift of particle size distribution towards larger diameter as the printing process progresses for the second specimen (referred to printing process at t = 72, t = 87 and t = 100 minute). The results support the hypothesis on the particle agglomeration process as previously discussed. The chart indicates a similar trend of particle size distribution over printing time for the flat shape however, with a longer printing duration for the cube shape, more agglomeration and deposition are expected and thus allows particles to reach their mean size (33 nm, approx.) during steady-state. Therefore, the PSD peak of printing cube specimen is shifted towards a larger particle size than that of printing flat specimen. It can be concluded that steady-state particle emissions from the 3D printer will be reached after approximately 17 minutes at given printing settings.
The TEM images in Figure 3 illustrate the agglomeration of particles from printing ABS filament. A TEM grid has been left inside the printer chamber for a period of time comparable to the duration of the printer to exclude the possibility of influence from ambient/background particles in the TEM analysis. Particles were not found on the grids during the TEM analysis. TEM analysis demonstrates chain-like particle clusters, but without any crystal structures, therefore the nanostructure is significantly different to carbonaceous particles emitted from combustion sources [25]. Primary particle diameter (dp0) measurements reveal primary particle diameter ranges from 20 nm up to 100 nm, while the size of measured agglomerated particles is extended up to approximately 400 nm. This initially supports our hypothesis that agglomeration is a mechanism that contributes to the increase of particle size. However, due to very small number and low resolution of TEM images obtained, further statistical analysis was unachievable.
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	Figure 3. TEM image of particles collected from printing ABS filament.


Effect of 3D printing temperature and filament colour on nanoparticle emissions
a) 3D printing temperature
Printing at each extruder temperature was repeated three times to confirm reproducibility of the results, to ensure that the result are not affected by the saturation of particles from previous printing cycles. Figure 4 confirms the relationship between printing temperature and UFP emissions seen in previous studies [4], [6], [7]. The elevated temperature was reported to increase vapour pressure of volatile organic compound (VOC) and more semi-volatile compounds (SVC) were emitted, thus particles formation through nucleation are promoted. Overall, number of UFP emitted from printing process is highly sensitive to the change of designated extruder temperature as particle number increases more than two orders of magnitude between the results from 220°C and 240°C as shown in Figure 4. 
	
	

	
	

	Figure 4. Overview effect of printing temperature on particle emissions.



b) Filament colour at 230°C
Figure 5 demonstrates no statistically significant differences in particle size, but more noticeable changes in number of total particle concentration profiles and emission rate between particles emitted from printing flat parts using white and orange ABS filaments. Differences  in terms of filament material thermal and physical properties between various filament colour have been also identified in other publications [21]. However, the average geometric mean particle size at steady-state of both filament colours are practically the same (approx. 36 nm) as for their size profiles over time. 
	
	

	
	

	Figure 5. Overview effect of filament colour on particle emissions.



The effect of colour on particle emission has been investigated in previous studies [8], [32] which reported that filament colour affected UFP emission concentration. Yi et al. [32] hypothesise that filament colour could affect UFP emission due to different additive used to dye the filament. However, filament brand was identified by other researchers [7] to have a major effect on the different filament UFP emission characteristic and filament colour only has minor effect on UFP emissions.
Effect of 3D printing settings on nanoparticle emissions
a) Layer height
Figure 6 reveals the effect of changing printing layer height on particle emissions. In general, particle size distributions present a similar shape for all layer heights being more than 95% of particles by number UFP. Printing with a 0.2 mm layer height shows the largest average geometric particle diameter, while printing layer height of 0.1 and 0.3 mm exhibit similar values. In printing aspect, increasing printing layer height can be projected as increasing the filament feed rate e.g. the corresponding feed rates of layer height of 0.1, 0.2 and 0.3 mm are 10.84, 17.74 and 27.11 gfilament/h, respectively. Therefore, increasing layer height results in reduced printing duration [35]. The results demonstrate direct relationship between filament feed rate to particles emission rate as higher feed rate means increased availability of fresh filament material to be decomposed enhancing particle formation, particularly comparing 0.1 mm layer height to 0.2 and 0.3. This result disagrees with explanation in previous work by Deng et al. [20] that increasing feed rate would lead to more heat dissipation of filament (due to higher thermal conductivity or heat transfer), thus limited thermal decomposition of filament volatile component. 
	
	

	
	

	Figure 6. Overview effect of printing layer height on particle emissions.



In terms of the total number of particles emitted during printing process, layer height of 0.2 mm demonstrates the maximum total particle (in #/g) number among all other layer height. Increasing printing layer height to 0.3 mm produces a similar level of particle emissions (in #/g), while reducing printing layer height to 0.1 mm generates the least number of particles among other layer height. Therefore, with given printing speed (90 mm/s for infill and 40 mm/s for shell), layer height of 0.1 mm minimises the thermal decomposition and the release of material fraction of the filament. The results reveal that reducing printing duration by increasing feed rate through increasing layer height is not an effective approach for particles emission reduction. On the other hand, reducing layer height (to 0.1 mm) can drastically reduce total particle emission at the cost of longer printing duration.
b) 3D printing speed
The effect of different FDM printing speed illustrates observable changes on particle emission characteristics as shown in Figure 7. The analysis indicates a 17% increase in average filament feed rate when printing speed is 25% faster than default values (90 mm/s for infill and 40 mm/s for shell). Increasing printing speed by 25% contributes to considerably lower total particle concentration. There is also a noticeable increase in geometric mean particle size in comparison to standard printing speed at the start of the printing process. These phenomena are supported by the average particle size distribution profiles which are marginally shifted towards larger particle size. The cumulative particle number in UFP mode also shows a slightly decrease from 94.49% to 93.62% which confirms that more particles are formed in accumulation mode. Increasing printing speed results in increment of filament feed rate. The results agree with results in previous work done by Deng et al. [20], which depicted the lower particle count when feed rate was larger. In this case, feed rate increases as printing speed is increased and printing layer height remains the same (0.2 mm for all printing speed) following the same methodology as Deng et al. [20]. According to the result, an increase in printing speed, within the conditions studied here, causes larger heat dissipation from extruder nozzle which leads to reduction of filament thermal decomposition; therefore, lower particles are emitted. The experiments were performed at constant 0.2 mm layer height leading to already a significant amount of available fresh filament material to be decomposed as well as the faster movement of the extruder itself contribute to the thermal effect become dominant over the higher availability of filament material.

	
	

	
	

	Figure 7. Overview effect of printing speed on particle emissions.



Understanding 3D printing nanoparticle emissions through material thermal analysis
a) Thermogravimetric analysis of ABS 
Thermogravimetric analysis of the 3D printing thermoplastic filaments has been performed to understand the effect of temperature on the release of volatile material from the filament. An initial heating ramp for the filament material has been performed to choose the range of temperatures which will be studied in the isothermal analysis as well as to observe the effect of printing temperatures on material devolatilisation. It is well known that high heating ramp rates shift the removal of volatile material to higher temperatures [36], [37]. This is a consequence of the shorter available time for the oxidation process to take place at high heating ramp values and therefore, the oxidation temperature continues to increase. This is a typical feature of any kinetic-controlled reaction under non-isothermal conditions (the higher the temperature ramp, the higher the temperatures required to complete the reaction). Indeed, some methods have been proposed in the literature to analyse the kinetics of a reaction based on the displacement of the MMLRT (Maximum Mass Loss Rate Temperature) under different temperature ramps [38]. As described in the TGA procedure section a heating rate of 3°C/min is chosen.
[bookmark: _Ref519004316]Figure S5 in the supporting information illustrates the thermal analysis for the ABS filament. The devolatilization profile is within the range for pyrolysis results from ABS reported by other researchers [30], [39]. The inflection point of ABS filaments is approximately 470°C, which are much higher than the 3D printing operation temperatures. Three temperatures close to the 3D printing operation temperatures are chosen (230, 240 and 250°C) and 350°C which produces a more significant release of material volatile.
b) Particle emissions at different volatilization temperatures for ABS
Ambient particle size distributions inside the TGA furnace are shown in the supporting information (Figure S6). The mean size of particle is approximately 24 nm and average total particle concentration of 2.63x103 #/cm3. This ambient particle size distribution represents the background particle emission in order to determine the particle concentration exclusively due to the devolatilization process of the thermoplastic material.
Figure 8 demonstrates the TG-SMPS analysis of ABS filament using our new proposed isothermal heating programme at 230, 240, 250 and 350°C which have different particle size distribution trend from the measurement from actual printing process in real 3D printer. The particle size distribution profiles shown in Figure 8 illustrate PSD at 11, 24 and 39 minutes after start printing which referred as “Peak UFP”, “Transition” and “End of printing”, respectively. 
The profiles of particles emitted from TGA evolves from “Peak UFP” to “Transition” and “End of Printing” similarly to the effect seen in real 3D printing tests due to coagulation, aggregation and deposition mechanisms. This trend occurs for temperatures close to working printing temperatures (230, 240 and 250°C), while particle size distribution at higher temperature (350°C) remain similar size at approximately 40 nm through heating process, most likely due to the continuous supplied of volatile material. In general, higher temperature of TG furnace results in significant high particle concentration and large average particle diameter due to constant release of high amount of volatile compound that transforms into new particle formation (NPF) [7] by condensation which enhances further particles collision, which is also consistent to the results seen in 3D printing process.
	
	

	
	

	Figure 8. Particle size distribution of filament during TGA at different temperatures.



Figure 9 (right) shows cumulate particle distribution in various TGA heating programme temperatures, in which more than 90% of total particles in number are UFP (<100 nm diameter). According to results, printing temperature range (230 to 250°C), the cumulate particle size distribution in UFP size range increases with temperature. For instance, approximately 95.1%, 97.4% and 98.8% of total number of particles are classified in UFP at 230, 240 and 250°C, respectively. However, the cumulative curve of TGA at 350°C noticeably shifts towards large particle diameter due to the high availability of volatile material and particles to growth already formed ones, while approximately 95.2% of particle number is present as UFP.
Overall, all weight loss curves indicate a sharp decrease at the start of heating programme which is consistent with the high peak of total particle concentration and decrease in mean particle size as shown in Figure 9 (left) being consistently to 3D printing process. The similarity between the particle concentration and size trends found in couple TG-SMPS analysis in comparison to particles released in the real 3D printing process (e.g. Figure 2) should be noted, even though there are differences on how filament material is introduced to the heat source and air change rate. In TGA, the specific amount of sample is presented, and particles are emitted as heat is applied. Only limited amount of material can be vaporised and transforms into particle at given temperature. Meanwhile, in real printing case using 3D printer, continuously feeding of filament pass-through extruder and provides limited duration of exposure of material to heat source (extruder) which limits heat dissipation to filament. In addition, the different of air change rate (ACH) between testing material in TG furnace (ACHTG = 127.6 h-1) and real 3D printing chamber (ACH3D = 1.0 h-1) can affect NPF. Those differences result in noticeable lower total particles concentration (as shown in Figure 9, left) and lower coagulation rate for the case of particles emitted from the TG method in comparison to 3D printing. The results indicate that despite the differences in the heating duration of the filament and experimental conditions, the TGA method can be used as a qualitative indicator of particle emissions from FDM printers. It is considered that the key linkage between the two methods confirms the research hypothesis that particle emissions from 3D printing are majorly governed by the vaporisation process of the filament material which is highly dependent on the thermal properties of the material. Further, the volatile material undergoes nucleation, adsorption/condensation, coagulation and deposition processes which depend on the availability of volatile material, particle concentration and size, temperature, air change rate to determine particle evolution.
	
	

	
	

	Figure 9. Overview effect of filament thermal analysis on particle emissions.



c) Cyclic heating: Attempt to emulate and understand consecutive printing cycle for ABS filament
This section aims to simulate the situation when printing multiple samples with short interval in between, and with printer cover closed to gain an insight of the relation between the effects of consecutive printing on reducing the of total particle concentration as seen in Figure 1 and 2.
Generally, 98.54% of total particles are classified as UFP as shown in Figure 10. The overview of total particle concentration profile demonstrates similar trend to total particle concentrations from real printing process of both proposed sample shapes (flat and cube) in Figure 1 and 2. The peak in total particle concentration in zone A (Figure 10, top right) is consistent to the significant sample weight reduction in the TGA (Figure 10, bottom right). Meanwhile, insignificant ABS filament sample weight loss can be observed in zone C, which results in significantly less total particle concentration in comparison to heating process in zone A. Similar PSD profile to results with TGA (previously discussed in Figure 8) is also obtained in cyclic heating test.
Note that weight loss is solely contributed by vaporisation of filler content in polymer (ABS). The compositional analysis of ABS is out of the scope of this study, thus Auto-Stepwise [29] method was not introduced. A perceptible weight gain can be seen for all testing conditions which is the effect of reduced buoyancy force [40] upon the crucible pan as the furnace temperature increases.
	
	

	
	

	Figure 10. Particle size distribution, total particle concentration and geometric mean size, cumulative particles number, and TGA of ABS filament of cyclic heating using single sample.


Conclusions
In this study, the AM of thermoplastic material using a desktop 3D printer was shown to produce UFP emissions, with a size range that has demonstrated clinical impact on the human respiratory tract [17]. A new method which combines the measurement of real time particle size distributions with TGA of the printing filament has been successfully developed to understand particle formation. Extrusion and TGA heating temperatures were performed to characterise the particle emissions in terms of number, size and morphology. It can be concluded that the total particle concentration reaches steady-state if sufficient printing duration is left, in this case the printer takes approximately 17 minutes. Maximum particle emission rate of 5.16x1010 #/min is observed with average emission rate of 1.01x1010 #/min for short duration printing (flat shape). Particles images from TEM reveal different primary particle shape and structure from typical combustion particulate matter, however; they still exhibit similar agglomerate-like cluster. Overall, printing temperature has the most significant effect on particle emission rate. It has been demonstrated that carefully selection of printing temperature, layer height and speed can readily reduce UFP emission. 
The developed TGA method provides information on the behaviour of particulate emissions of the filament materials under heating. It could be employed, for instance, as a qualitative indication of the materials’ propensity to form particles without the time and cost implications associated with repeated 3D printing. Whilst manufacturing variables are crucial parameters to explore, TGA provides a methodology for the qualitative assessment of materials against printing temperatures as well as contributing to the understanding of particle formation mechanisms. Further investigation is required to systematically compare the quantitative results of TGA with 3D printing chamber experiments, including the evaluation of the applicability of the TGA method to other types of filament. Further investigation is required to evaluate the application of the developed TGA method to other type of filaments and to other sources of particle emissions.
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DN/DlogDp (#/cm3)




Total conc-220°C	1186.68	1127.77	947.78499999999997	859.53800000000001	973.64800000000002	939.41200000000003	1244.8900000000001	2452.56	25889.599999999999	11974.9	6145.94	3512.07	4592.03	4487.71	3785.16	2779.29	2256.5100000000002	1885.78	1703.1	1773.46	1481.74	1464.1	1399.44	1257.22	995.36800000000005	1000.65	966.25699999999995	913.29399999999998	906.66499999999996	943.04499999999996	1031.8	1010.93	817.01700000000005	854.45299999999997	849.52800000000002	833.11300000000006	731.17200000000003	795.43	770.22199999999998	808.07899999999995	Total conc-230°C	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	789.28499999999997	904.82399999999996	1499.84	1362.93	1280.51	94644.800000000003	66531.399999999994	104017	54956.800000000003	30808.5	18863.8	20664.599999999999	26751.3	30779.9	22309.1	14003.1	16470.3	17035.5	12902.7	15271	13858.8	8930.5300000000007	8312.9699999999993	10891.9	7140.54	7647.99	7189.63	5876.06	6334.58	7143.44	5643.42	6680.31	6973.15	7153.24	7311.41	7593.06	7127.92	7656.94	8200.19	7004.58	7658.64	7205.01	6650.51	7633.95	9031.36	8378.5	7766.53	6862.16	6640.33	6968.62	7996	8213.17	9294.4599999999991	9195.2900000000009	9594.09	7692.1	7087.19	9366.68	7805.7	3667.19	1259.31	713.49599999999998	698.24300000000005	678.98	546.04999999999995	606.54600000000005	567.20000000000005	573.16099999999994	Total conc-240°C	1036.6400000000001	937.15300000000002	1038.7	1033.82	1050.49	885.73	6189.36	329423	301674	193597	140997	104658	100756	109637	84867.3	84065.600000000006	79948.800000000003	75641.5	60363.6	58317.3	50147	49018.400000000001	36907.1	25091.9	5830.11	2266.11	Geo. Mean-220°C	36.901299999999999	38.760399999999997	29.988099999999999	24.589099999999998	26.859200000000001	21.092400000000001	22.706800000000001	24.603200000000001	27.520099999999999	30.548100000000002	32.093800000000002	34.110999999999997	35.2455	37.618600000000001	40.1494	37.823799999999999	39.301000000000002	54.609400000000001	45.477400000000003	49.279600000000002	54.969000000000001	52.763599999999997	51.253500000000003	Geo. Mean-230°C	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	34.378900000000002	43.0794	38.560899999999997	27.58	25.424700000000001	25.135300000000001	33.345799999999997	41.559199999999997	40.265099999999997	42.280500000000004	45.829099999999997	36.537999999999997	42.0212	46.759900000000002	39.226100000000002	39.681100000000001	45.823799999999999	40.110399999999998	40.511099999999999	45.504300000000001	Geo. Mean-240°C	24.709900000000001	32.713999999999999	35.932299999999998	32.922800000000002	25.849799999999998	25.57	26.372199999999999	28.921199999999999	30.270199999999999	29.307200000000002	28.137499999999999	28.981100000000001	28.833100000000002	28.286300000000001	28.456099999999999	29.019100000000002	27.739100000000001	18.4909	Time (minute)


Total particle concentration (#/cm3)


Geo.mean size (nm)




220°C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0.96923695896219841	1.8366543172935004	3.2557914323291555	4.8272458152416355	6.5437212303349499	8.4492473431093913	10.362995237047166	12.414994469411209	14.940301703157862	17.375163815819114	20.157981534371505	22.973201698360445	25.843553076407581	28.688275211503129	31.602949601502605	34.607842850469837	37.741487613512042	40.830139691686867	43.888435172481806	47.039497880038503	49.974692646983925	53.111098770340412	56.116296700171944	59.313223465663661	62.468284353188601	65.78337604514104	69.044676408626358	72.306907291618444	75.472637520637122	78.455860048393831	81.229834349321635	83.685371466242984	85.959530232305994	87.932916940993593	89.567874628353977	91.111192891094518	92.484683261644037	93.598541900405095	94.702758107125319	95.644768443152898	96.497213883242637	97.249007995552859	97.866327076396374	98.409976537274531	98.861438199112342	99.286112571486967	99.568736804505448	99.812574150169596	99.999999999999986	230°C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0.21285465026459408	0.78610020914302714	1.4745514994620454	2.3775269854004262	3.4167988390444743	4.8251430228986383	6.469098816762072	8.3412402116722717	10.524678460455295	13.026118507389244	15.802891583346815	18.692054167717973	21.618143379777759	24.552188807656904	27.514770616610203	30.487053362623403	33.721347483586477	37.138339480088071	40.854014500781567	44.858702175882392	49.119147808150515	53.448177653151198	57.688237014531261	61.775011119305667	65.687587834183262	69.447197853285857	73.027581154483698	76.399262347597585	79.576497831024298	82.548838964534966	85.304887243970114	87.832989658986051	90.081496248268749	92.11168408692366	93.798092883668957	95.185446700897685	96.289644167928628	97.134637296270839	97.798647211352758	98.330988957527396	98.719330165946047	99.004586717239647	99.239463364350129	99.434333443280607	99.604470890481835	99.724989987296553	99.823157855467045	99.917550499303331	100	240°C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0.74962055724541476	1.6015416285019075	2.642887622892284	3.8714489666537539	5.4252342568089826	7.309304866612039	9.3694963649947827	11.726971738323579	14.306083562770993	17.14616217473321	20.234559635927322	23.502723759288006	27.021267726964172	30.682950658614445	34.494816725159481	38.607163450992289	42.894561421732874	47.391245376128033	51.909826496294798	56.565816367751673	61.194839708217927	65.740453010978271	70.142268659671871	74.320244346184751	78.178803769011694	81.718977680540661	84.911262364364319	87.75836681187306	90.211682714093541	92.327716990808312	94.066159183738449	95.506068979744342	96.654408376834297	97.55146719719599	98.242977072784257	98.75326907287679	99.136377726646145	99.391891349716289	99.566460843100799	99.69495746529995	99.775266832678923	99.834186540423843	99.876093676790248	99.911708377847788	99.938962341559488	99.957374659943824	99.976780612260725	99.98952465369301	100	Particles size (nm)


Cumulative concentration (%)




Yield	220	230	240	42666092.837459885	4269905414.4281788	10019816080.180307	Average ER	220	230	240	14017465.89662376	896193113.068887	5562172661.5577478	Temperature (°C)


Number yield (#/g)


Average emission rate (#/min)




Orange	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	1940.93	3424.57	4053.97	8316.94	6054.62	12268.1	14533	21675.8	20359.3	29110.2	33281.4	37531.300000000003	50830.3	59838.7	72319.100000000006	93740	106238	132436	155248	181170	189727	197780	194458	202528	181639	162171	152413	141654	138799	128266	114379	109988	91183.4	70105.399999999994	53758.9	46774.8	32812.199999999997	25726.9	15939.2	12610.3	8177.29	4359.55	3226.75	1907.7	1675.97	761.88599999999997	446.28399999999999	615.70799999999997	282.24599999999998	White	977.47323836981559	460.59153636691258	1973.6837324318337	2946.3844584992926	3192.7911306356718	105.84785498508491	4722.9448131860108	1650.289674982725	10386.241146874661	11473.825161895918	16460.561527761194	16336.005816543642	26555.552026533187	33689.624933860527	47531.380583678525	49393.934358186933	60553.479295161829	72758.371023291256	86415.792060363223	107802.13507407049	119421.7815564162	119834.64796975955	124730.83399953907	132342.55012989882	130117.40301825045	141938.72979460531	148365.74569450988	142662.74049049453	143465.93373135899	128431.63799514758	120254.17826065034	106873.0141471993	95044.925495097705	85506.466769735911	68881.07227087488	52888.354146223413	33778.509300559388	24210.35712083177	13762.377108444103	4347.2981159090568	2338.5800272535639	1004.3541444177838	413.02321046212546	850.66356857007338	143.89859578094627	227.84189327481215	159.98794013003535	76.234955139068305	62.18867724746363	977.47323836981559	460.59153636691258	1973.6837324318337	2946.3844584992926	3192.7911306356718	105.84785498508491	4722.9448131860108	1650.289674982725	10386.241146874661	11473.825161895918	16460.561527761194	16336.005816543642	26555.552026533187	33689.624933860527	47531.380583678525	49393.934358186933	60553.479295161829	72758.371023291256	86415.792060363223	107802.13507407049	119421.7815564162	119834.64796975955	124730.83399953907	132342.55012989882	130117.40301825045	141938.72979460531	148365.74569450988	142662.74049049453	143465.93373135899	128431.63799514758	120254.17826065034	106873.0141471993	95044.925495097705	85506.466769735911	68881.07227087488	52888.354146223413	33778.509300559388	24210.35712083177	13762.377108444103	4347.2981159090568	2338.5800272535639	1004.3541444177838	413.02321046212546	850.66356857007338	143.89859578094627	227.84189327481215	159.98794013003535	76.234955139068305	62.18867724746363	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	997.44	2153.71	6246.01	2979.35	3789.62	7218.98	14216.3	13689.9	22586	28229.4	37062.1	43139	52579.3	65690.5	77264.800000000003	91140.5	103832	124894	144644	172354	192101	193473	201972	207975	208949	214821	222763	216871	215161	196239	188569	167082	150428	137333	113914	94487	69398.100000000006	50904.1	34476.800000000003	17972.5	10964.2	4456.8999999999996	3671.29	1396.99	966.79200000000003	753.7	218.23	78.856800000000007	238.31899999999999	Particles size (nm)


DN/DlogDp (#/cm3)




Total conc-White	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	527.46100000000001	448.351	360.97	364.637	317.89499999999998	372.94900000000001	317.03699999999998	355.71300000000002	323.29500000000002	7707.86	110893	129136	50031.9	22464.2	23302.6	13319.7	34665.9	24239.8	22326.3	18511.3	18567.7	16148.8	13662.2	11802.3	9179.07	10430.200000000001	6618.61	6730.77	6657.66	7325.44	6362.53	4107.04	3645.17	3942.25	4358.33	3604.05	2814.21	3519.58	3781.38	3911.68	3629.34	2995.54	2946.2	3353.16	3479.86	3275.96	2754.15	2504.0100000000002	2493.5100000000002	3166.77	2498.85	2264.44	2297.86	2523.54	2519.9299999999998	1794.66	1915.45	2235.58	2261.58	2250.4499999999998	2101.27	2083.23	2236.8000000000002	2170.1799999999998	2671.92	1998.15	2124.66	1664.71	871.74599999999998	483.96	373.35500000000002	274.16699999999997	302.61900000000003	292.04300000000001	304.39999999999998	335.48	351.84899999999999	364.66199999999998	330.98200000000003	316.34300000000002	281.72199999999998	Total conc-Orange	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	789.28499999999997	904.82399999999996	1499.84	1362.93	1280.51	94644.800000000003	66531.399999999994	104017	54956.800000000003	30808.5	18863.8	20664.599999999999	26751.3	30779.9	22309.1	14003.1	16470.3	17035.5	12902.7	15271	13858.8	8930.5300000000007	8312.9699999999993	10891.9	7140.54	7647.99	7189.63	5876.06	6334.58	7143.44	5643.42	6680.31	6973.15	7153.24	7311.41	7593.06	7127.92	7656.94	8200.19	7004.58	7658.64	7205.01	6650.51	7633.95	9031.36	8378.5	7766.53	6862.16	6640.33	6968.62	7996	8213.17	9294.4599999999991	9195.2900000000009	9594.09	7692.1	7087.19	9366.68	7805.7	3667.19	1259.31	713.49599999999998	698.24300000000005	678.98	546.04999999999995	606.54600000000005	567.20000000000005	573.16099999999994	Geo. Mean-White	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	20.6371	31.124600000000001	48.243000000000002	46.7346	40.904499999999999	26.381900000000002	27.0427	34.556899999999999	39.550899999999999	38.399000000000001	41.3003	39.943800000000003	39.358600000000003	38.375	36.155700000000003	39.830100000000002	37.328600000000002	38.450800000000001	36.2346	33.560099999999998	36.637500000000003	36.579599999999999	38.6126	34.662300000000002	31.567	34.322000000000003	35.5871	36.463299999999997	32.090600000000002	32.157699999999998	34.431899999999999	33.261699999999998	35.145499999999998	34.470100000000002	30.906300000000002	35.394599999999997	33.293399999999998	33.797800000000002	34.466500000000003	32.192	34.148699999999998	32.2911	32.588799999999999	31.837700000000002	30.868300000000001	34.787500000000001	33.949399999999997	32.110199999999999	32.473199999999999	31.943000000000001	33.408999999999999	33.879199999999997	34.7806	32.136000000000003	33.081800000000001	32.562800000000003	33.558500000000002	31.851199999999999	28.927199999999999	Geo. Mean-Orange	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	34.378900000000002	43.0794	38.560899999999997	27.58	25.424700000000001	25.135300000000001	33.345799999999997	41.559199999999997	40.265099999999997	42.280500000000004	45.829099999999997	36.537999999999997	42.0212	46.759900000000002	39.226100000000002	39.681100000000001	45.823799999999999	40.110399999999998	40.511099999999999	45.504300000000001	43.855600000000003	41.203499999999998	47.1873	44.045999999999999	45.040999999999997	44.2	47.036200000000001	40.942900000000002	48.292700000000004	47.563000000000002	44.687100000000001	47.726500000000001	48.838900000000002	43.564599999999999	46.1509	45.963500000000003	46.752200000000002	50.451599999999999	51.8489	42.309699999999999	52.108600000000003	49.364699999999999	45.760599999999997	46.026699999999998	51.2331	44.7104	47.461100000000002	48.122599999999998	43.606000000000002	46.429000000000002	39.937899999999999	48.110700000000001	43.282899999999998	32.7042	45.757300000000001	Time (minute)


Total particle  conccentration (#/cm3)


Geo. mean size (nm)




Orange	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0.21285465026459408	0.78610020914302714	1.4745514994620454	2.3775269854004262	3.4167988390444743	4.8251430228986383	6.469098816762072	8.3412402116722717	10.524678460455295	13.026118507389244	15.802891583346815	18.692054167717973	21.618143379777759	24.552188807656904	27.514770616610203	30.487053362623403	33.721347483586477	37.138339480088071	40.854014500781567	44.858702175882392	49.119147808150515	53.448177653151198	57.688237014531261	61.775011119305667	65.687587834183262	69.447197853285857	73.027581154483698	76.399262347597585	79.576497831024298	82.548838964534966	85.304887243970114	87.832989658986051	90.081496248268749	92.11168408692366	93.798092883668957	95.185446700897685	96.289644167928628	97.134637296270839	97.798647211352758	98.330988957527396	98.719330165946047	99.004586717239647	99.239463364350129	99.434333443280607	99.604470890481835	99.724989987296553	99.823157855467045	99.917550499303331	100	White	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	1.6496030221313608E-2	0.22584804372248884	0.63912143958400702	1.1045893986564084	1.7657394365652834	2.5316639024859007	3.5738693533339894	4.8391570367491203	6.3299975722555812	8.1491448797062578	10.286824995223911	12.771130451772784	15.558330556505208	18.666188338743698	22.056610510218547	25.804623249954339	29.823101264318115	34.13767016195898	38.740713196110171	43.636535106663921	48.792310344156974	53.801483905370553	58.617394311293133	63.243231747671821	67.620612914030232	71.676803210663635	75.557427670338598	79.083624940390166	82.315962468587358	85.260131332000583	87.942541557557561	90.313436295524141	92.389678083644228	94.154562096248426	95.632569440037784	96.846194642923962	97.78779226339762	98.495572149711862	99.008664204027056	99.338131682775924	99.564808107591105	99.708536044353565	99.808538272338268	99.874636896176824	99.91380648592029	99.946124518287164	99.967826574849582	99.986605536867856	100	Particles size (nm)


Cumulative concentration (%)




Yield	White	Orange	1545682194.7485616	4269905414.4281788	Average ER	White	Orange	424080082.20879745	896193113.068887	Filament Colour


Number yield (#/g)


Average emission rate (#/min)




0.1mm	488.73661918490779	883.74776062911019	2431.8841127376108	1683.3836668616966	743.20854311766493	1796.6107862485817	4701.5616061146666	2111.2732041465433	3579.0902321685926	6194.1721785411401	6266.4948495706867	6809.9928624837403	7034.9967279088769	10155.553385894287	14660.432606160442	19608.753677928638	22876.993622149177	37114.759995043467	36850.262855329864	48427.182122812541	50930.546122066306	51025.016386121169	51545.28882581737	57511.321196558078	58211.812324632614	53227.427915548855	47819.495289405815	40438.760914624167	44615.6401620775	45256.842379619724	37593.285201868937	31728.87696372666	28891.241106909547	22480.786902674412	15826.905171559385	10671.317908425948	5721.8208582670495	2788.244764406681	2102.2573698176598	635.31252576873646	81.573701036557708	2410.6087036854256	363.74971589078837	469.25457717857961	214.60919643319002	209.19087599792869	389.75843796563498	218.74873836673783	63.936965121673353	488.73661918490779	883.74776062911019	2431.8841127376108	1683.3836668616966	743.20854311766493	1796.6107862485817	4701.5616061146666	2111.2732041465433	3579.0902321685926	6194.1721785411401	6266.4948495706867	6809.9928624837403	7034.9967279088769	10155.553385894287	14660.432606160442	19608.753677928638	22876.993622149177	37114.759995043467	36850.262855329864	48427.182122812541	50930.546122066306	51025.016386121169	51545.28882581737	57511.321196558078	58211.812324632614	53227.427915548855	47819.495289405815	40438.760914624167	44615.6401620775	45256.842379619724	37593.285201868937	31728.87696372666	28891.241106909547	22480.786902674412	15826.905171559385	10671.317908425948	5721.8208582670495	2788.244764406681	2102.2573698176598	635.31252576873646	81.573701036557708	2410.6087036854256	363.74971589078837	469.25457717857961	214.60919643319002	209.19087599792869	389.75843796563498	218.74873836673783	63.936965121673353	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0	2155.7600000000002	4093.62	8549.15	8158.52	7646.06	15442.7	21530.6	23333.200000000001	27849.599999999999	28912.400000000001	36281.199999999997	38415.300000000003	43687.1	54591.1	61533.5	67320.2	82437.5	90555.9	109966	118962	119760	120098	120181	122978	120490	113952	104348	100872	101215	96169.3	85339.8	74174.2	65501.8	52493	40489.699999999997	30942.799999999999	22171.3	14930.4	9653.31	6002.23	2720.8	2514.41	1292.1099999999999	620.48500000000001	232.80500000000001	152.51	67.491900000000001	237.941	0.2mm	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	1940.93	3424.57	4053.97	8316.94	6054.62	12268.1	14533	21675.8	20359.3	29110.2	33281.4	37531.300000000003	50830.3	59838.7	72319.100000000006	93740	106238	132436	155248	181170	189727	197780	194458	202528	181639	162171	152413	141654	138799	128266	114379	109988	91183.4	70105.399999999994	53758.9	46774.8	32812.199999999997	25726.9	15939.2	12610.3	8177.29	4359.55	3226.75	1907.7	1675.97	761.88599999999997	446.28399999999999	615.70799999999997	282.24599999999998	0.3mm	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0	2196.02	3662.68	5199.3100000000004	7252.37	15895.7	17524.599999999999	20431.099999999999	26641.7	38564	45777.9	58435.9	79707	90627.8	100124	102822	113244	137629	160687	177688	187759	195770	193989	188094	180451	172041	156802	144859	125995	111688	96134.5	83400	67695.7	59242.2	47470.8	37469.4	26724	19144.599999999999	11526.9	7787.7	4441.01	3721.65	1802.35	1447.73	1021.55	318.38200000000001	674.69299999999998	380.06200000000001	318.26900000000001	Particles size (nm)


DN/DlogDp (#/cm3)




Total conc-0.1mm	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	349.51799999999997	297.892	323.16000000000003	370.24200000000002	314.43299999999999	305.01499999999999	294.82	17748.2	30691.8	3441.81	48565.3	74407	46557.2	24083.1	10510.6	6306.17	5718.53	11275	7116.67	4763.21	3900.77	3361.61	2967.74	2254.17	2102.48	1491.77	1244.1099999999999	1117.4000000000001	932.01599999999996	787.12699999999995	863.18499999999995	864.49400000000003	791.72799999999995	790.59900000000005	815.99599999999998	792.46600000000001	798.53499999999997	624.55600000000004	636.346	668.82500000000005	664.18	765.60900000000004	756.43600000000004	862.37800000000004	817.83500000000004	803.04499999999996	863.61599999999999	577.75199999999995	700.57100000000003	567.08000000000004	646.83600000000001	647.05200000000002	571.375	1131.22	1041.58	1428.75	1171.32	999.28599999999994	875.88	685.72699999999998	613.16	756.84699999999998	834.12900000000002	994.61400000000003	1155.92	1320.76	1124.6099999999999	1048.0899999999999	1038.83	769.14300000000003	698.38	739.91800000000001	757.20600000000002	797.41800000000001	907.69799999999998	838.97900000000004	801.32399999999996	704.37300000000005	901.721	987.21600000000001	1167.5999999999999	1211.27	1051.28	978.42499999999995	1005.29	912.05200000000002	897.94299999999998	851.90200000000004	943.38199999999995	809.09500000000003	901.87	1040.0899999999999	1060.24	1041.57	906.74300000000005	927.06799999999998	913.92499999999995	904.56	930.86800000000005	737.77200000000005	807.91	758.02099999999996	791.91399999999999	516.58900000000006	535.79499999999996	463.46	505.94200000000001	537.077	509.96199999999999	532.13199999999995	421.69299999999998	456.83100000000002	Total conc-0.2mm	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	789.28499999999997	789.28499999999997	789.28499999999997	789.28499999999997	904.82399999999996	1499.84	1362.93	1280.51	94644.800000000003	66531.399999999994	104017	54956.800000000003	30808.5	18863.8	20664.599999999999	26751.3	30779.9	22309.1	14003.1	16470.3	17035.5	12902.7	15271	13858.8	8930.5300000000007	8312.9699999999993	10891.9	7140.54	7647.99	7189.63	5876.06	6334.58	7143.44	5643.42	6680.31	6973.15	7153.24	7311.41	7593.06	7127.92	7656.94	8200.19	7004.58	7658.64	7205.01	6650.51	7633.95	9031.36	8378.5	7766.53	6862.16	6640.33	6968.62	7996	8213.17	9294.4599999999991	9195.2900000000009	9594.09	7692.1	7087.19	9366.68	7805.7	3667.19	1259.31	713.49599999999998	698.24300000000005	678.98	546.04999999999995	606.54600000000005	567.20000000000005	573.16099999999994	Total conc-0.3mm	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	486.858	478.26299999999998	439.85300000000001	499.68700000000001	442.15499999999997	473.96600000000001	2265.9	15665.9	37353.800000000003	96438.6	104134	52497.8	30721.200000000001	21735	28910.2	36814.300000000003	37436.6	43071.1	28548.6	40701.199999999997	47622.9	43720.9	45876.9	36575.599999999999	30395.1	30063.4	31765.3	32011.200000000001	26872.400000000001	29021.4	29686.2	31328.799999999999	33983.9	21372	23101.8	25474	26365.9	25963.4	18596.8	21522.5	20977.599999999999	24206.400000000001	24148	19971.5	24707.599999999999	20078.599999999999	15982.1	7433.33	2015.04	1053.19	750.86199999999997	757.81299999999999	572.87199999999996	562.11500000000001	487.70699999999999	Geo. mean-0.1mm	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	42.529400000000003	25.9756	29.006599999999999	26.760999999999999	43.910899999999998	43.2301	36.6143	28.3748	28.7148	27.653500000000001	26.851199999999999	31.745000000000001	29.2455	28.6768	29.8019	29.413799999999998	29.6587	29.0197	29.885100000000001	32.911299999999997	31.481300000000001	33.392400000000002	34.226700000000001	30.450199999999999	34.690899999999999	38.087600000000002	33.952500000000001	35.106200000000001	33.417900000000003	33.948300000000003	38.104100000000003	38.431600000000003	39.8352	39.381700000000002	35.825000000000003	39.266500000000001	30.447500000000002	32.855400000000003	36.8429	32.870399999999997	38.323099999999997	35.456800000000001	38.331400000000002	38.808799999999998	37.637300000000003	40.1828	31.872900000000001	32.5884	30.5886	33.426200000000001	36.373899999999999	32.909700000000001	34.381300000000003	36.916899999999998	33.247900000000001	31.452500000000001	33.805300000000003	32.0931	32.043399999999998	34.620600000000003	33.489199999999997	32.453899999999997	36.440899999999999	37.146799999999999	37.211100000000002	36.397100000000002	36.420499999999997	33.113500000000002	35.121899999999997	33.0747	33.465499999999999	32.949300000000001	33.406599999999997	32.988399999999999	Geo. mean-0.2mm	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	42.581000000000003	16.842400000000001	34.378900000000002	43.0794	38.560899999999997	27.58	25.424700000000001	25.135300000000001	33.345799999999997	41.559199999999997	40.265099999999997	42.280500000000004	45.829099999999997	36.537999999999997	42.0212	46.759900000000002	39.226100000000002	39.681100000000001	45.823799999999999	40.110399999999998	40.511099999999999	45.504300000000001	43.855600000000003	41.203499999999998	47.1873	44.045999999999999	45.040999999999997	44.2	47.036200000000001	40.942900000000002	48.292700000000004	47.563000000000002	44.687100000000001	47.726500000000001	48.838900000000002	43.564599999999999	46.1509	45.963500000000003	46.752200000000002	50.451599999999999	51.8489	42.309699999999999	52.108600000000003	49.364699999999999	45.760599999999997	46.026699999999998	51.2331	44.7104	47.461100000000002	48.122599999999998	43.606000000000002	46.429000000000002	39.937899999999999	48.110700000000001	43.282899999999998	Geo. mean-0.3mm	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	21.5776	16.471299999999999	34.6158	40.3279	38.892200000000003	26.6706	24.5121	28.119599999999998	43.4191	51.439700000000002	44.476900000000001	43.088500000000003	41.450600000000001	37.395600000000002	43.154400000000003	39.3035	40.317500000000003	40.714199999999998	37.339599999999997	42.568399999999997	38.8414	42.886800000000001	40.148000000000003	38.6066	42.465899999999998	37.702800000000003	44.659300000000002	41.520099999999999	39.622399999999999	42.446899999999999	38.042200000000001	43.604599999999998	38.934399999999997	37.493200000000002	40.389499999999998	36.318800000000003	42.870100000000001	38.527200000000001	38.665799999999997	37.757300000000001	22.756699999999999	Time (minute)


Total particle conccentration (#/cm3)


Geo. mean size (nm)




0.1mm	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	1.9791752563945143E-2	0.23577772819502721	0.7395414255287911	1.4247745278993837	2.3240881800685167	3.3511703064619232	4.8572312079093045	6.7564773049390086	8.8088366418822499	11.277559162483801	13.974693812362231	17.134409954527314	20.383079723095808	23.825230876526422	27.418091971886071	31.121966407709674	35.11661749574148	39.578500209649626	44.46161377700858	49.677558794234507	55.096376810493148	60.142947248112911	64.755192354615204	68.996403026568842	72.968164298644865	76.465372699473434	79.6046168201743	82.417577987559241	84.979546896338249	87.26060591990354	89.412851228670917	91.321827985609431	92.928973855243328	94.373839045100766	95.580992701872745	96.603263484740225	97.397323601375874	98.009303618219263	98.508766868272019	98.884273489821155	99.162256086457162	99.36275046120889	99.524708216101558	99.663022519433866	99.767735127190505	99.847425354862438	99.90947347687036	99.955725120095494	100	0.2mm	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	6.395698039594791E-3	0.25166336375799747	0.73672506078858901	1.294466053128319	2.0152823846735219	2.9597774658752605	4.1521745253871254	5.6118158764339716	7.4330782028260387	9.4919997090148041	11.997647678799147	14.826491351825826	17.922464624646036	21.307621552778901	24.99324742906045	28.940269228612529	33.040662179498156	37.402859424976647	41.927934958144156	46.696247764757352	51.779472587025786	56.876728761524646	61.721245511424861	66.273065155986913	70.584892721086533	74.594398602349031	78.326050322329891	81.671954686896541	84.742791079281176	87.507646560170002	89.939180585142793	92.044286143586447	93.905649697165842	95.421569417264038	96.639634249194174	97.627258539623568	98.358560593014886	98.870156532638944	99.221172986982026	99.46376926356885	99.627224340136422	99.733265300173613	99.810809596176682	99.8700321245136	99.910638563022061	99.945201362461518	99.965959605328621	99.987011758238282	99.999999999999986	0.3mm	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0.16195149170621015	0.64633951456768146	1.1788546899779733	1.8816945614481118	2.7544528683313176	3.8549268612665992	5.1585931418249045	6.6735400332083046	8.3887634746211699	10.308556220455371	12.399215409262068	14.657059066405452	17.155016132787466	19.892281555486317	22.897831791115493	26.161107923916504	29.708025953598952	33.576845140414626	37.833052339053935	42.519588980141201	47.261861953273176	51.87194780130379	56.360201128260123	60.743562036325955	64.948367345341012	69.013821037595804	72.839970698712008	76.484203261779982	79.927751456415521	83.076481677229452	85.966960222978301	88.567290592730828	90.873517626673689	92.888080787613802	94.547319320338445	95.934400898367088	96.994010632946157	97.781698273236856	98.382455728603531	98.813613457677377	99.132190603228636	99.366648323365368	99.537849256476406	99.672992257748064	99.772150514270905	99.850301346821325	99.908376072984055	99.953655754891685	99.999999999999986	Particles size (nm)


Cumulative concentration (%)




Yield	0.1	0.2	0.3	507765756.39386106	4269905414.4281788	3727057819.3205905	Average ER	0.1	0.2	0.3	77849678.597437456	896193113.068887	1199993351.9710119	Layer height (mm)


Number yield (#/g)


Average emission rate (#/min)




Normal	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	7074.1934717083841	8291.1471878562552	10310.283131390184	9346.3477594207634	11267.535115541674	7534.0800909672125	11452.671643137153	11598.173107605629	23493.597523848632	21465.236627662467	40691.667836285989	54588.712877728081	59199.415209058818	63339.615106970639	76225.035469533977	90705.888699606978	91887.523416519791	104862.91427066919	119592.54855657629	131143.06515831364	137746.06426458046	139871.3742888633	137106.73026737728	127130.0315034317	128607.12852242435	119621.70258438737	111112.85095518664	96605.184530844184	86713.548394983358	75716.847061727167	63032.811802158889	51573.682036015089	42996.461522377242	27768.847425490058	21419.558786636921	15909.839768482603	10228.661492603145	7744.5766408853578	4615.1092074334501	4195.3935329828901	2522.1211398700211	1395.9762405547112	1007.7168827992891	513.61769370178615	491.70335303326061	197.54091779165304	267.49601251292074	282.74341169717854	71.630324315216498	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	1940.93	3424.57	4053.97	8316.94	6054.62	12268.1	14533	21675.8	20359.3	29110.2	33281.4	37531.300000000003	50830.3	59838.7	72319.100000000006	93740	106238	132436	155248	181170	189727	197780	194458	202528	181639	162171	152413	141654	138799	128266	114379	109988	91183.4	70105.399999999994	53758.9	46774.8	32812.199999999997	25726.9	15939.2	12610.3	8177.29	4359.55	3226.75	1907.7	1675.97	761.88599999999997	446.28399999999999	615.70799999999997	282.24599999999998	25%faster	1066.2712038657	1868.2680300307591	1928.4264109609801	2874.3224944160802	3936.9154518417622	4780.978578107346	6101.227114937541	8347.0428758827129	9040.6695643729781	10636.749434367504	13035.236551735954	13394.484816363774	18095.930525357526	20765.001448865147	24977.703697185068	33587.180634708493	37562.329792317491	46341.305668865614	54637.760766839405	65022.28008964644	66007.382457195752	72009.662880418997	67135.176867094473	70433.256057208666	63319.879781634991	55104.505828081135	51428.593928185241	48644.211013559165	47855.571069665813	45072.022452340898	40922.601361330053	40277.940467951528	35140.479629239533	29379.867862855408	23888.865003886254	18040.891481643048	13673.450000650348	9506.3884100492578	6231.9208835797608	3529.3497938660153	2674.5840037157141	1612.9100086629355	937.66565035073177	375.48516675215319	506.14969301268366	320.3376020479364	207.78314400637362	146.09547584713559	84.874774722980135	1066.2712038657	1868.2680300307591	1928.4264109609801	2874.3224944160802	3936.9154518417622	4780.978578107346	6101.227114937541	8347.0428758827129	9040.6695643729781	10636.749434367504	13035.236551735954	13394.484816363774	18095.930525357526	20765.001448865147	24977.703697185068	33587.180634708493	37562.329792317491	46341.305668865614	54637.760766839405	65022.28008964644	66007.382457195752	72009.662880418997	67135.176867094473	70433.256057208666	63319.879781634991	55104.505828081135	51428.593928185241	48644.211013559165	47855.571069665813	45072.022452340898	40922.601361330053	40277.940467951528	35140.479629239533	29379.867862855408	23888.865003886254	18040.891481643048	13673.450000650348	9506.3884100492578	6231.9208835797608	3529.3497938660153	2674.5840037157141	1612.9100086629355	937.66565035073177	375.48516675215319	506.14969301268366	320.3376020479364	207.78314400637362	146.09547584713559	84.874774722980135	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0	429.74400000000003	2374.38	2569.29	4017.62	4129.1000000000004	8037.67	12593.8	10982	14847.3	21377.7	25721.599999999999	30575.5	38740	37734.6	47375.7	58148.5	67026.899999999994	76131.399999999994	91680.3	95861.4	94015.9	101173	104994	111473	105765	114484	113069	114934	113540	112380	106240	105396	91985.8	76789.2	58744.7	46946.400000000001	32112.2	22622.799999999999	13529.6	8592.43	5494.01	3171.61	1654.3	894.81200000000001	824.68200000000002	521.70100000000002	470.75099999999998	314.726	Particles size (nm)


DN/DlogDp (#/cm3)




Normal speed	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	789.28499999999997	904.82399999999996	1499.84	1362.93	1280.51	94644.800000000003	66531.399999999994	104017	54956.800000000003	30808.5	18863.8	20664.599999999999	26751.3	30779.9	22309.1	14003.1	16470.3	17035.5	12902.7	15271	13858.8	8930.5300000000007	8312.9699999999993	10891.9	7140.54	7647.99	7189.63	5876.06	6334.58	7143.44	5643.42	6680.31	6973.15	7153.24	7311.41	7593.06	7127.92	7656.94	8200.19	7004.58	7658.64	7205.01	6650.51	7633.95	9031.36	8378.5	7766.53	6862.16	6640.33	6968.62	7996	8213.17	9294.4599999999991	9195.2900000000009	9594.09	7692.1	7087.19	9366.68	7805.7	3667.19	1259.31	713.49599999999998	698.24300000000005	678.98	546.04999999999995	606.54600000000005	567.20000000000005	573.16099999999994	25% faster	643.53800000000001	655.83799999999997	669.48500000000001	693.24699999999996	640.08299999999997	624.43799999999999	677.93600000000004	37040.400000000001	72265.3	21446.7	8587.98	5267.68	2655	6693.86	10956.5	9360.83	8430.9699999999993	6538.89	5534.15	5362.56	4391.54	4162.43	3799.56	3023.63	3392.11	2978.19	2672.51	2816.75	2968.85	2449.59	2706.02	2894.5	2779.41	2658.27	2552.61	2784.74	2509.64	2518.86	2998.56	2774.57	2593.56	3106.04	2609.17	2550.88	2906.13	2406.61	2512.59	2791.86	2284.16	2381.5300000000002	2808.98	2593.64	2474.52	2746.41	2547.4499999999998	2835.45	2796.01	2878.41	2464.33	2437.17	1416.74	763.70500000000004	502.29599999999999	524.41999999999996	567.94200000000001	498.053	591.02599999999995	534.04	527.50199999999995	605.45799999999997	Geo. Mean Nornal speed	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	34.378900000000002	43.0794	38.560899999999997	27.58	25.424700000000001	25.135300000000001	33.345799999999997	41.559199999999997	40.265099999999997	42.280500000000004	45.829099999999997	36.537999999999997	42.0212	46.759900000000002	39.226100000000002	39.681100000000001	45.823799999999999	40.110399999999998	40.511099999999999	45.504300000000001	43.855600000000003	41.203499999999998	47.1873	44.045999999999999	45.040999999999997	44.2	47.036200000000001	40.942900000000002	48.292700000000004	47.563000000000002	44.687100000000001	47.726500000000001	48.838900000000002	43.564599999999999	46.1509	45.963500000000003	46.752200000000002	50.451599999999999	51.8489	42.309699999999999	52.108600000000003	49.364699999999999	45.760599999999997	46.026699999999998	51.2331	44.7104	47.461100000000002	48.122599999999998	43.606000000000002	46.429000000000002	39.937899999999999	48.110700000000001	43.282899999999998	32.7042	45.757300000000001	50.194699999999997	55.031599999999997	52.513300000000001	Geo. Mean 25% faster	31.413799999999998	49.999200000000002	54.359900000000003	47.938099999999999	32.502699999999997	35.535400000000003	35.588799999999999	39.594099999999997	41.645099999999999	41.394100000000002	40.519399999999997	39.559600000000003	39.987099999999998	40.166200000000003	37.672699999999999	40.955599999999997	40.166499999999999	36.931699999999999	41.390999999999998	39.869	39.680100000000003	38.3611	39.580399999999997	37.528799999999997	37.682499999999997	37.157800000000002	37.438499999999998	38.636899999999997	35.866300000000003	38.866599999999998	37.628100000000003	35.832599999999999	38.789499999999997	38.9831	36.164000000000001	38.8033	39.1721	36.973700000000001	39.163600000000002	38.3992	38.376100000000001	38.9069	35.993899999999996	36.467100000000002	36.6432	35.3628	37.328800000000001	36.331600000000002	36.368400000000001	36.223500000000001	34.957799999999999	36.673400000000001	34.739400000000003	33.807200000000002	39.030799999999999	Time (minute)


Total particle conccentration (#/cm3)


Geo. mean size (nm)




Normal speed	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0.21285465026459408	0.78610020914302714	1.4745514994620454	2.3775269854004262	3.4167988390444743	4.8251430228986383	6.469098816762072	8.3412402116722717	10.524678460455295	13.026118507389244	15.802891583346815	18.692054167717973	21.618143379777759	24.552188807656904	27.514770616610203	30.487053362623403	33.721347483586477	37.138339480088071	40.854014500781567	44.858702175882392	49.119147808150515	53.448177653151198	57.688237014531261	61.775011119305667	65.687587834183262	69.447197853285857	73.027581154483698	76.399262347597585	79.576497831024298	82.548838964534966	85.304887243970114	87.832989658986051	90.081496248268749	92.11168408692366	93.798092883668957	95.185446700897685	96.289644167928628	97.134637296270839	97.798647211352758	98.330988957527396	98.719330165946047	99.004586717239647	99.239463364350129	99.434333443280607	99.604470890481835	99.724989987296553	99.823157855467045	99.917550499303331	100	25% faster	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0	4.1096038965068693E-2	0.17760470984262466	0.40776611653962025	0.78264920283511552	1.3071886379582658	2.0517011886931504	3.0594569406854468	4.383668826436768	6.0163919774183716	8.0374190391681957	10.476718618337683	13.18080660232582	16.152536702727843	19.399718756400826	22.822925319616804	26.34640009555309	30.419195135571904	34.6059748111239	39.005919662625686	43.615108018260578	48.126867902446094	52.596801637307159	56.968629524787396	61.193664690327424	65.198420197931924	69.130283441963229	72.850760190853762	76.315694482908114	79.716041679571134	82.860167058458785	85.75771601055574	88.474913441167615	90.843459566420819	92.815084527432475	94.438910926779371	95.8318738047236	96.866064325586834	97.667545169897608	98.254480475742724	98.693584594691984	99.03274588296577	99.290648246704492	99.484004546908622	99.622881911025871	99.750886646172532	99.850158661671088	99.933147304391468	100	Particles size (nm)


Cumulative concentration (%)




Yield	Normal	25%faster	4269905414.4281788	1458017519.0408716	Average ER	Normal	25%faster	896193113.068887	340170278.67431259	Printing speed


Number yield (#/g)


Average emission rate (#/min)




Peak UFP	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	2441.17	1641.4	5802.73	7618.92	8989.67	9100.81	11521.5	12590.9	17002.3	18014.900000000001	18305.3	14654.3	17095.599999999999	13433.9	13773.2	9130.75	7283.24	6686.22	5805.53	6346.87	6224.14	5714.45	4830.3999999999996	5121.68	3820.69	2283	3793.57	2598.5100000000002	2562.1	1971.71	769.61199999999997	982.82100000000003	398.55200000000002	718.96	224.16499999999999	405.70800000000003	319.03500000000003	578.22699999999998	629.44100000000003	310.25799999999998	522.68200000000002	510.86	724.67100000000005	512.75300000000004	256.15699999999998	372.16300000000001	303.95299999999997	1.3911800000000001	156.73400000000001	Transition	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	5800.22	4305.95	5889.23	8194.14	8734.57	9148.73	12136.9	11775.4	8117.47	9567.85	8343.52	10019.6	5739.83	5928.27	2755.88	3871.6	1626.9	1393.38	1131.6600000000001	815.50599999999997	1417.92	1546.44	748.16600000000005	990.74099999999999	310.70100000000002	666.625	503.12900000000002	569.83100000000002	796.3	943.22299999999996	151.001	592.72900000000004	851.12699999999995	573.04999999999995	315.303	423.20400000000001	389.27499999999998	680.32100000000003	707.29600000000005	307.12200000000001	641.18499999999995	695.55200000000002	364.99299999999999	385.733	383.29899999999998	306.73200000000003	523.69000000000005	78.259299999999996	286.315	End of printing	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	967.57	881.37699999999995	781.75800000000004	3509.98	3818.29	3824.53	3330.92	4720.08	3208.7	5455.04	5345.48	4806.42	4845.34	4804.67	4676.97	2586.64	3397.33	1587.57	1050.49	1508.46	1188.81	900.53599999999994	954.30799999999999	808.42700000000002	1125.27	916.91700000000003	843.995	821.24599999999998	617.10199999999998	792.39599999999996	205.31899999999999	539.34	513.62300000000005	378.64299999999997	365.23599999999999	612.45500000000004	607.79700000000003	442.72500000000002	477.59699999999998	465.22500000000002	727.31799999999998	550.17700000000002	589.34199999999998	296.45999999999998	328.82499999999999	159.114	456.94499999999999	223.21700000000001	158.13999999999999	Particles size (nm)


DN/DlogDp (#/cm3)




Peak UFP	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	7403.26	10105.6	12444.7	16034	21124.6	25974.7	37282.6	45825.2	46655.5	61182.5	72474.399999999994	84268.800000000003	84545.1	95910.5	100695	96931.8	87189.4	84701.3	71560.600000000006	60672.1	46535.5	36287.9	30607.1	21664.400000000001	20318	21251.7	17245.599999999999	21829.4	23236	20871.3	16964.7	16045.5	14626.3	12278.1	9982.1299999999992	7590.34	4963.8999999999996	3619.35	2236.25	1138.3599999999999	1234.06	1339.84	816.77099999999996	818.42600000000004	164.416	157.227	218.50200000000001	78.856800000000007	77.664299999999997	Transition	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	12292.6	13983.3	10739.5	16670.3	12782.3	18924.5	19666	18721.099999999999	18414.099999999999	16064.5	13449.3	12794.8	12332.7	12248.7	10652.8	10523.2	8819.75	9532.66	9177.32	7358.01	6468.3	4408.3100000000004	3779.24	1840.9	2548.35	1987.03	1057.6400000000001	1138.02	1204.3699999999999	1496.18	965.48400000000004	757.125	883.202	12.7804	806.38499999999999	780.34699999999998	519.78899999999999	364.23500000000001	411.09800000000001	773.56	698.779	939.04899999999998	810.947	430.69600000000003	528.05600000000004	530.24400000000003	218.23	312.57	142.529	End of printing	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	9891.4500000000007	9436.7999999999993	8717.75	8966.52	6939.6	11963	8207.8700000000008	11989.8	6423.11	7025.91	4043.7	5469.54	3948.19	4239.26	3640.95	3711.23	2619.5700000000002	1090.96	1611.01	1150.25	724.01900000000001	758.2	543.06899999999996	916.83600000000001	989.45299999999997	1006.06	1348.51	1067.32	1541.5	1112.46	1335.29	677.32100000000003	626.48199999999997	146.19999999999999	292.334	269.02199999999999	407.01799999999997	322.11099999999999	397.41899999999998	451.25299999999999	336.96699999999998	232	355.45800000000003	837.11900000000003	511.238	373.017	228.89099999999999	390.50299999999999	158.87100000000001	Particles size (nm)


DN/DlogDp (#/cm3)




Peak UFP	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	8190.39	8623.1299999999992	16398.5	26000.7	30823.599999999999	42034.2	57674.7	88386.1	122762	167024	222759	263126	290707	338675	388010	431457	460100	474391	470261	449150	400629	350556	290813	242683	201206	159641	137542	109569	89969.8	77066.899999999994	73335.399999999994	68404.600000000006	63518.6	54888.4	55462.3	46410.7	32811.9	27009.599999999999	16371	9447.23	5406.83	3274.58	1968.86	1006.56	529.07799999999997	985.52800000000002	589.80799999999999	234.77799999999999	238.673	Transition	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	59514.2	48521.5	66301.399999999994	89685.3	95934.8	102173	111524	108094	92962.1	80707.8	68392.600000000006	63417.8	52515.4	44341.4	38388.800000000003	37123.4	28849.200000000001	28367.8	24443.9	23736.400000000001	23113.5	21772.2	18959.7	13925.6	9482.06	6477.2	5677.56	3057.16	2799.29	1042.8399999999999	1350.56	729.18299999999999	972.67100000000005	949.38599999999997	394.565	526.65300000000002	258.22800000000001	252.059	183.85499999999999	123.489	553.779	319.85000000000002	411.76	420.30399999999997	292.78300000000002	297.79700000000003	85.366799999999998	223.54400000000001	63.4587	End of Printing	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	62382.2	52167.8	48166.400000000001	46175.9	55474.400000000001	49237.2	55143.8	44154.9	35835.599999999999	31599.3	31719.599999999999	22533.200000000001	25000.400000000001	17459.599999999999	15893.6	12577.3	13975.4	10085.5	8967.23	7593.06	3773.87	2186.15	2066.4899999999998	1169.53	683.72500000000002	985.84299999999996	1013.46	628.08100000000002	705.81200000000001	469.42099999999999	562.44100000000003	714.37199999999996	191.31800000000001	723.226	194.62	301.79599999999999	424.25700000000001	211.48	122.373	442.61399999999998	378.46699999999998	428.51799999999997	623.56600000000003	429.39699999999999	528.91099999999994	232.78	228.80699999999999	68.883099999999999	77.664299999999997	Particles size (nm)


DN/DlogDp (#/cm3)




Peak UFP	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	55371.6	57110.8	85077.1	102618	133405	156007	186852	223744	244972	322214	405933	528862	698314	867157	1052760	1212990	1412550	1599520	1749240	1824760	1944620	1896140	1803570	1640650	1458730	1303410	1188920	1066580	963256	891227	815028	738163	659013	555139	477401	392489	306600	221476	167700	111956	72744.2	44433.1	25208.3	15009.8	7768.75	3682.62	1954.49	1149.44	537.58199999999999	Transition	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	56397.3	61360.7	85615.9	109765	143880	185671	246694	307672	380675	472430	525147	631590	762736	858171	967440	1035840	1148710	1190570	1248740	1299390	1331630	1388270	1437530	1477720	1475960	1456170	1373650	1221820	1065070	934025	825792	732374	648125	574303	481418	396672	317027	240052	183758	136686	92077.6	57023.7	41696.800000000003	23847.3	18246.8	11233.3	8940.42	7375.61	3999.41	End of printing	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	57939.5	76780.7	101221	133034	179665	238480	272193	353145	441652	551281	630448	746721	871537	953053	1054370	1143730	1210870	1282530	1323510	1353350	1368820	1397350	1389240	1368730	1317680	1209510	1073560	945947	834264	744473	682926	623280	532927	475009	396148	325944	250521	196191	139985	95544.3	66679	42610.5	27300.1	17140.7	12073.3	8347.26	5718.47	3793.73	3609.52	Particles size (nm)


DN/DlogDp (#/cm3)




350°C	9067.5484436530296	10308.122043470286	17468.162299109419	16714.566683532415	23029.696307948892	29495.896333548575	25780.125997096802	36369.617953634981	45276.415347386588	63944.074831214624	69845.378041832984	84001.707975508412	79841.487020610744	75666.696368532808	70492.532620425176	43026.049523830436	22001.873036858862	53053.423070848672	117447.30608995412	177445.48125945532	216133.30418378321	219626.07857973929	201228.29074083141	178694.03681297234	144018.67501907144	98956.774210952863	78181.005920712836	61277.515995231741	64892.092629205297	57551.915612638579	53518.736092128936	48003.99009145223	46348.506654638419	39516.457543600001	29620.285489589052	26146.259450056794	18496.464449464154	14717.447960001928	10953.226975293908	9578.2348063724767	7495.0206141399794	7381.9210231893767	5867.0407601111247	3648.3484404394312	2428.1923891847355	1602.1561897642459	1242.5009634320757	1306.1511935748031	936.34276286945533	9067.5484436530296	10308.122043470286	17468.162299109419	16714.566683532415	23029.696307948892	29495.896333548575	25780.125997096802	36369.617953634981	45276.415347386588	63944.074831214624	69845.378041832984	84001.707975508412	79841.487020610744	75666.696368532808	70492.532620425176	43026.049523830436	22001.873036858862	53053.423070848672	117447.30608995412	177445.48125945532	216133.30418378321	219626.07857973929	201228.29074083141	178694.03681297234	144018.67501907144	98956.774210952863	78181.005920712836	61277.515995231741	64892.092629205297	57551.915612638579	53518.736092128936	48003.99009145223	46348.506654638419	39516.457543600001	29620.285489589052	26146.259450056794	18496.464449464154	14717.447960001928	10953.226975293908	9578.2348063724767	7495.0206141399794	7381.9210231893767	5867.0407601111247	3648.3484404394312	2428.1923891847355	1602.1561897642459	1242.5009634320757	1306.1511935748031	936.34276286945533	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	55371.6	57110.8	85077.1	102618	133405	156007	186852	223744	244972	322214	405933	528862	698314	867157	1052760	1212990	1412550	1599520	1749240	1824760	1944620	1896140	1803570	1640650	1458730	1303410	1188920	1066580	963256	891227	815028	738163	659013	555139	477401	392489	306600	221476	167700	111956	72744.2	44433.1	25208.3	15009.8	7768.75	3682.62	1954.49	1149.44	537.58199999999999	250°C	5942.268982788104	8047.3411411700881	11632.966750462479	10240.541211273023	15067.100778017544	14667.75634774707	14932.775649748493	13470.562974113564	15635.561636950066	24492.73960819179	37079.831508398689	47252.532005235436	55573.871694956644	71162.863313573587	89713.313084288209	107459.67015613503	118679.1076528449	130158.65073421919	137738.08324576094	138302.5269752387	139121.99688167925	131037.96836881431	121275.71783140037	108584.19716471458	92110.983186570753	74947.784329845716	61258.299903562693	45791.405191153412	35049.217528041991	28039.484538903453	22459.734139504737	19730.029369428055	19151.281821523673	18546.319823245838	19256.299463538777	17468.257855083535	14710.09606949953	12066.854748384922	8356.2379286387968	5950.1305973022163	2886.3054749455796	1954.9867842566769	934.19195709829705	409.71267272955959	137.05670701604114	182.22472613131137	80.912709465999868	94.921242428653912	68.742024415615262	5942.268982788104	8047.3411411700881	11632.966750462479	10240.541211273023	15067.100778017544	14667.75634774707	14932.775649748493	13470.562974113564	15635.561636950066	24492.73960819179	37079.831508398689	47252.532005235436	55573.871694956644	71162.863313573587	89713.313084288209	107459.67015613503	118679.1076528449	130158.65073421919	137738.08324576094	138302.5269752387	139121.99688167925	131037.96836881431	121275.71783140037	108584.19716471458	92110.983186570753	74947.784329845716	61258.299903562693	45791.405191153412	35049.217528041991	28039.484538903453	22459.734139504737	19730.029369428055	19151.281821523673	18546.319823245838	19256.299463538777	17468.257855083535	14710.09606949953	12066.854748384922	8356.2379286387968	5950.1305973022163	2886.3054749455796	1954.9867842566769	934.19195709829705	409.71267272955959	137.05670701604114	182.22472613131137	80.912709465999868	94.921242428653912	68.742024415615262	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	8190.39	8623.1299999999992	16398.5	26000.7	30823.599999999999	42034.2	57674.7	88386.1	122762	167024	222759	263126	290707	338675	388010	431457	460100	474391	470261	449150	400629	350556	290813	242683	201206	159641	137542	109569	89969.8	77066.899999999994	73335.399999999994	68404.600000000006	63518.6	54888.4	55462.3	46410.7	32811.9	27009.599999999999	16371	9447.23	5406.83	3274.58	1968.86	1006.56	529.07799999999997	985.52800000000002	589.80799999999999	234.77799999999999	238.673	240°C	1450.9613377550018	1786.9971629043937	3860.3450639500879	10058.633166858779	5849.4145136605657	6792.451184821979	10402.312851547922	1527.203936753604	5616.3747958987487	1105.1256926829064	7762.731355368559	12533.185695539823	14164.659716270966	25302.44905301739	29763.8170728267	37328.200072959931	35051.113915721216	39985.813237797018	32123.025721017682	25192.299077086398	20654.492461879971	12900.972937238766	10494.137164223581	217.7519986823971	1913.8068327041365	129.35762297964354	2955.8216850848557	3075.5754845402498	4147.6757840836626	2356.9546896086399	755.86011063787259	3681.6943467592805	3790.2763515027618	3205.3544997765689	4081.4094017663574	3761.5334796695042	2654.4968221016661	1890.0422693915866	1178.9869354402999	591.68176750888949	653.13447828015842	568.52185308557193	15.937447140287475	634.72257660938919	571.54999744168617	147.32461282592203	223.30457665060194	0.58553924038135163	312.55810256598141	1450.9613377550018	1786.9971629043937	3860.3450639500879	10058.633166858779	5849.4145136605657	6792.451184821979	10402.312851547922	1527.203936753604	5616.3747958987487	1105.1256926829064	7762.731355368559	12533.185695539823	14164.659716270966	25302.44905301739	29763.8170728267	37328.200072959931	35051.113915721216	39985.813237797018	32123.025721017682	25192.299077086398	20654.492461879971	12900.972937238766	10494.137164223581	217.7519986823971	1913.8068327041365	129.35762297964354	2955.8216850848557	3075.5754845402498	4147.6757840836626	2356.9546896086399	755.86011063787259	3681.6943467592805	3790.2763515027618	3205.3544997765689	4081.4094017663574	3761.5334796695042	2654.4968221016661	1890.0422693915866	1178.9869354402999	591.68176750888949	653.13447828015842	568.52185308557193	15.937447140287475	634.72257660938919	571.54999744168617	147.32461282592203	223.30457665060194	0.58553924038135163	312.55810256598141	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	7403.26	10105.6	12444.7	16034	21124.6	25974.7	37282.6	45825.2	46655.5	61182.5	72474.399999999994	84268.800000000003	84545.1	95910.5	100695	96931.8	87189.4	84701.3	71560.600000000006	60672.1	46535.5	36287.9	30607.1	21664.400000000001	20318	21251.7	17245.599999999999	21829.4	23236	20871.3	16964.7	16045.5	14626.3	12278.1	9982.1299999999992	7590.34	4963.8999999999996	3619.35	2236.25	1138.3599999999999	1234.06	1339.84	816.77099999999996	818.42600000000004	164.416	157.227	218.50200000000001	78.856800000000007	77.664299999999997	230°C	340.06507198055323	1432.6264030850909	899.19284719095037	3741.3054319020107	1199.4640707789179	1123.2169683472007	1628.3250903185387	2746.3497963962232	2444.0626815769997	3688.416051044911	2769.0867927498566	2224.4367091169001	1573.3731152715966	2280.0947901250775	2386.984774911632	623.82215983250421	2212.9094707553872	768.45253918476703	532.4517253741833	1344.5131276428799	617.36179154763261	1575.5366190772422	988.43588963678678	1001.8747871495642	1050.732822000803	886.35627841569556	532.73975502296832	277.38963071679501	116.86979397690415	120.36142110826768	280.15033243700407	225.99862931694577	171.21371399702082	221.41483513268398	159.43533172480744	164.26280946884927	200.61116210032034	154.75548271984306	298.06849024934462	154.96344137116483	186.42732090633675	121.90870477075742	161.26598755574281	217.15673018459859	139.29872030033627	138.89351376680051	120.58869210809956	95.835061835488474	133.60308679245622	340.06507198055323	1432.6264030850909	899.19284719095037	3741.3054319020107	1199.4640707789179	1123.2169683472007	1628.3250903185387	2746.3497963962232	2444.0626815769997	3688.416051044911	2769.0867927498566	2224.4367091169001	1573.3731152715966	2280.0947901250775	2386.984774911632	623.82215983250421	2212.9094707553872	768.45253918476703	532.4517253741833	1344.5131276428799	617.36179154763261	1575.5366190772422	988.43588963678678	1001.8747871495642	1050.732822000803	886.35627841569556	532.73975502296832	277.38963071679501	116.86979397690415	120.36142110826768	280.15033243700407	225.99862931694577	171.21371399702082	221.41483513268398	159.43533172480744	164.26280946884927	200.61116210032034	154.75548271984306	298.06849024934462	154.96344137116483	186.42732090633675	121.90870477075742	161.26598755574281	217.15673018459859	139.29872030033627	138.89351376680051	120.58869210809956	95.835061835488474	133.60308679245622	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	2441.17	1641.4	5802.73	7618.92	8989.67	9100.81	11521.5	12590.9	17002.3	18014.900000000001	18305.3	14654.3	17095.599999999999	13433.9	13773.2	9130.75	7283.24	6686.22	5805.53	6346.87	6224.14	5714.45	4830.3999999999996	5121.68	3820.69	2283	3793.57	2598.5100000000002	2562.1	1971.71	769.61199999999997	982.82100000000003	398.55200000000002	718.96	224.16499999999999	405.70800000000003	319.03500000000003	578.22699999999998	629.44100000000003	310.25799999999998	522.68200000000002	510.86	724.67100000000005	512.75300000000004	256.15699999999998	372.16300000000001	303.95299999999997	1.3911800000000001	156.73400000000001	Particles size (nm)


DN/DlogDp (#/cm3)




Total conc-230°C	2236.42	2222.96	1886.12	2310.14	2136.5700000000002	2096.38	2038.47	2019.04	2108.17	1999.65	2272.2199999999998	5141.33	7267.69	7964.3	7731.5	8327.7999999999993	7597.05	7270.4	6433.9	5774.44	6050.46	5360.22	5242.47	4948.1899999999996	4451.43	4276.45	4066.85	4143.8900000000003	3553.09	3510.89	3100.8	3100.47	2746.22	2725.19	2634.17	2800.75	2757.37	2744.91	2558.25	2567.94	2335.2600000000002	2297.64	2267.35	2507.33	2766.54	2667.2	2593.66	2598.58	2778.84	2948.73	3220.58	3085.26	Total conc-240°C	1171.04	1114.1300000000001	1202.46	1126.1099999999999	958.66800000000001	966.85400000000004	929.52300000000002	1052.3	930.59799999999996	968.29399999999998	31089.8	46161.9	36960.5	30819.599999999999	24616.400000000001	21776	18705.099999999999	16243.6	14947.8	14021.7	13325.9	12038	11026.7	10147.299999999999	9436.27	9166.76	8735.5499999999993	8138.63	7648.16	7138.61	7065.09	6729.91	6317.58	5935.58	5896.03	5407.64	5200.24	5149.13	4643.47	4357.57	2502.04	1228.5999999999999	1236.72	1104.29	1303.81	1357.73	1393.8	1420.28	1579.06	Total conc-250°C	774.42	791.16899999999998	916.30799999999999	753.85799999999995	846.51900000000001	735.68299999999999	814.53499999999997	773.22500000000002	823.13800000000003	7390.51	202111	214941	175450	146639	127727	112802	98752.6	87841.600000000006	78048.2	70179.5	63280.3	56161.7	51876.3	47008.4	43116	40517.300000000003	39123.5	35309.699999999997	32244.7	32452.2	30062	28635.200000000001	27012.6	26079.200000000001	24675.9	23785.5	22857.4	21120.400000000001	20291.5	20834.7	15533.7	1990.21	1515.95	1658.74	1456.32	1792.96	1797.76	2052.4	1912.18	1813.26	1988.79	2170.8200000000002	2133.61	2322.8200000000002	2132.7399999999998	2342.63	2205.15	2300.94	2130.38	2383.33	Total conc-350°C	1619.06	1564.07	1315.96	1457.86	1312.88	1362.78	1317.28	1282.24	1407.57	1413.86	141610	538288	990438	1038450	997309	965384	916068	895924	896793	897322	914126	923609	933238	940352	927531	934486	940650	929780	929147	930112	920150	915302	902122	895701	892499	895023	900902	892388	889157	891589	884447	887346	788562	306966	68204.800000000003	3889.88	1053.29	1010.36	1149.19	1139.29	1011.59	Geo. Mean-230°C	24.500399999999999	23.897099999999998	22.270099999999999	21.339700000000001	20.499199999999998	19.265599999999999	19.051600000000001	18.2743	18.613499999999998	17.793700000000001	17.732399999999998	17.654299999999999	17.224499999999999	17.8276	17.666499999999999	17.413900000000002	17.635200000000001	17.127700000000001	18.111499999999999	18.0745	18.934899999999999	19.994199999999999	20.9529	21.012699999999999	22.2136	20.850200000000001	21.320599999999999	21.7195	21.821400000000001	23.107800000000001	24.298400000000001	Geo. Mean-240°C	30.948	25.771699999999999	23.984999999999999	22.4831	21.759899999999998	20.629899999999999	20.1737	20.147200000000002	19.845800000000001	19.566600000000001	19.021799999999999	18.9573	18.5367	18.2209	18.230399999999999	18.307400000000001	17.7623	18.122699999999998	17.941700000000001	18.417200000000001	17.2544	17.277100000000001	17.411799999999999	17.4663	17.2135	17.2729	17.119	17.241599999999998	17.405200000000001	16.992799999999999	Geo. Mean-250°C	30.6142	26.374099999999999	23.898399999999999	22.1678	20.906700000000001	19.885400000000001	19.007400000000001	18.5913	17.889700000000001	17.4282	17.027699999999999	16.732399999999998	16.253599999999999	15.986700000000001	15.7043	15.503299999999999	15.1996	15.1922	14.8751	14.4876	14.535399999999999	14.5662	14.3314	14.3378	14.1327	14.021100000000001	14.179600000000001	14.0931	13.9352	Geo. Mean-350°C	34.189700000000002	38.924900000000001	41.9846	43.104799999999997	43.499200000000002	43.0914	41.822099999999999	41.089500000000001	40.652999999999999	40.102400000000003	39.818899999999999	39.838000000000001	39.372700000000002	39.447499999999998	38.939700000000002	38.632199999999997	38.644300000000001	38.280900000000003	38.109000000000002	38.001899999999999	37.889400000000002	37.895099999999999	37.6509	37.492899999999999	37.452500000000001	37.1297	37.018099999999997	36.899000000000001	36.5075	36.511400000000002	36.353299999999997	35.279400000000003	Time (minute)


Total particle      
concentration (#/cm3)


Geo.mean size (nm)




350°C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	0.18096134116798082	0.42147530505826786	0.73343695250014318	1.1282266208210052	1.6422876084485911	2.2946377999117442	3.1355862360643258	4.1907044735446268	5.5095037268007934	7.0988159885959705	9.0107213875077985	11.259777371265566	13.875860682779097	16.84603170326821	20.119600830497191	23.716652672682411	27.639435782427409	31.831786071182329	36.229014645583845	40.801644491238179	45.532670843124201	50.432595346004561	55.430524185295148	60.456113689444066	65.377158875414892	70.104185394994403	74.470814895298361	78.345752347769604	81.732163398123774	84.709710039415256	87.371396896313897	89.747712524625598	91.843994440060115	93.664306626120464	95.210113543256966	96.475352751187316	97.475912309706004	98.237483306786629	98.803163722741431	99.205736171999277	99.481510653043955	99.663987788126079	99.78185695508779	99.859205112606375	99.911386092530904	99.946122771256057	99.971629891859266	99.988551224995135	100	250°C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	2.1205186078170621	4.3709829379506289	7.0476467344560483	10.217759121998123	13.836608568216258	18.063129846133645	22.65409569576677	27.401973768315909	32.277030515861497	37.289827194737661	42.455644878987997	47.426140855550052	52.292454550611012	56.961363573236028	61.418636949257483	65.651075687391852	69.649100521349709	73.381433870040937	76.86560274619778	80.07293890247054	83.042200022973233	85.733228025122756	88.080440008349782	90.127296376906457	91.854412091111627	93.291598741799419	94.48291939323623	95.43911469335265	96.23195655392955	96.884745873473747	97.434061490992804	97.888078669333822	98.269616071220625	98.59713237509024	98.889138460359703	99.136922679646062	99.329199699529696	99.485322970641278	99.601989362450553	99.69476961481277	99.765935704412286	99.827136525093181	99.873506812745276	99.913381736229198	99.941458213242129	99.961868038577123	99.978117341967348	99.989744741109064	100	240°C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	2.1106865087478903	4.5519812396861186	7.567378799112408	11.029836583775875	14.911751050988686	19.381658868340907	24.152059146090142	29.125389856539442	33.846261406327301	38.786653697709589	43.732380923288844	48.456165051468076	52.964612538051597	57.4408619190039	61.716035004277458	65.826671119346145	69.573916896325144	73.022187077078513	76.180315244221518	79.023254283099376	81.452884354433024	83.686658751287112	85.595697262050123	87.282485438905027	88.771883168048561	90.180955769187946	91.406513411641967	92.663844900012421	93.760799444294506	94.729969163902823	95.514559289724971	96.138351333904623	96.655700957043933	97.069754568576414	97.407671318597949	97.677756406673979	97.918741099350584	98.143002574488378	98.356570176008603	98.586395572700113	98.821180210817303	99.02796561574732	99.232576096103429	99.431320087184275	99.588666465562994	99.72423732796716	99.837778127240583	99.930888838314871	99.999999999999986	230°C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	2.1193409796352873	4.4925845358901197	7.5825415435242158	11.160866452959574	15.546988168665155	20.58480385728998	26.315527038984868	32.094019881572507	38.098816262402472	44.295515120256084	50.316082352292028	56.056899607009292	61.338199207550474	65.936812831893008	70.337951724491219	73.984514606009242	76.956724778518435	79.335101769761209	81.212912532179104	82.811672958000585	84.199297240407191	85.542074194895008	86.781189021569958	87.8638296233609	88.931851684166062	89.82994793561096	90.67614635330122	91.442458739963456	92.147034058779951	92.803077264370145	93.3305992002241	93.870658619793801	94.308451194119201	94.738094311372521	95.143285066661434	95.575858779606648	96.013578008696499	96.472087946152016	96.949495465613751	97.420026147492806	97.846991781641549	98.267088403650092	98.654161951057645	99.005995954253422	99.296173813196489	99.507657753963954	99.70004867742017	99.869409554206655	100	Particles size (nm)


Cumulative concentration (%)




230	240	250	350	95677.178451955333	140264.21615542661	1251594.5777725414	32062478.871266808	Printing temperature (°C)


Average emission rate (#/min)



Peak UFP	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	20390.099999999999	25336.799999999999	30311.200000000001	38475.5	41630.800000000003	51242.3	71977.899999999994	80312.5	96629.5	116533	127593	132692	132961	139397	136246	128494	111536	96714.6	78709.2	74890.2	56600.3	48792	42194.1	37206.400000000001	40136.800000000003	40375.4	39422.400000000001	37996.9	41293	36691.9	27670.5	25785.4	25226.799999999999	20819.400000000001	15522.4	10229.5	8626.49	4728.74	2448.6999999999998	1307.51	989.16099999999994	669.61199999999997	689.74199999999996	664.02800000000002	582.36300000000006	371.87900000000002	303.68099999999998	311.31	318.79500000000002	A	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	40642.400000000001	40550.699999999997	40022.9	48077.9	41314	45305.1	47597.9	47789.1	43349	34626.6	32518.6	32460.400000000001	27823.4	28111.9	29516.9	25905.3	21811.5	20659.599999999999	17610.099999999999	16282.2	12853.6	9612.9599999999991	6586.57	4040.5	2507.1	2465.48	1438.99	1115.3	1085.8699999999999	823.69500000000005	580.40300000000002	655.51	451.85500000000002	596.34699999999998	758.85299999999995	481.06	761.29	518.38199999999995	556.78300000000002	168.85900000000001	644.29200000000003	330.03300000000002	441.84300000000002	475.57499999999999	290.964	307.27600000000001	228.32499999999999	145.751	158.13999999999999	B	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	474.637	451.63299999999998	1327.67	1238.45	1804.73	739.49199999999996	1590.57	3662.43	1430.59	4098.4799999999996	3653.54	6038.77	7842.9	9567.5	9688.24	8668.5499999999993	10449.200000000001	9218.7999999999993	6881.53	5442.7	4348.62	1915.03	2075.42	1519.42	1282.6099999999999	622.01800000000003	1492.6	1811.13	1155.28	859.85299999999995	957.85699999999997	545.66099999999994	828.495	611.28899999999999	308.24700000000001	367.5	205.673	218.67099999999999	375.899	841.43700000000001	541.85900000000004	861.36	454.84899999999999	987.72799999999995	456.50400000000002	596.60299999999995	303.68099999999998	233.98400000000001	0	C	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	34442.199999999997	31834.3	51015.1	29482.5	33481.599999999999	32480.5	30838.400000000001	26511.200000000001	24812	23513.7	18399.400000000001	18274.2	15718.9	14775.1	12959.3	13637.5	11800.5	9869.57	8373.1299999999992	6459.02	4245.4399999999996	3340.09	1377.55	1750.53	929.41499999999996	794.096	1360.55	428.54899999999998	1167.81	781.3	483.84100000000001	820.95399999999995	538.279	645.96	704.73500000000001	350.33300000000003	406.113	176.35900000000001	662.82	464.24599999999998	199.67400000000001	597.48199999999997	298.18200000000002	260.58	73.103300000000004	296.63400000000001	228.13800000000001	233.518	158.87100000000001	Particles size (nm)


DN/DlogDp (#/cm3)




Total Concentration	3048.63	3131.27	3341.48	3290.36	3102	2919.48	2655.23	2958.99	2914.9	3215.46	41602.199999999997	71876.5	64098.6	57748.7	55051.7	51203.7	46040.1	43122.400000000001	39814.300000000003	36268.800000000003	35159.599999999999	31409.7	30791.5	28994.400000000001	27965.200000000001	28487.8	27004.6	26320	24420.9	22908	22102.2	23041.4	20908.099999999999	21296	20778.5	19680.3	19131	19535.5	19182.8	18597.599999999999	15131.4	3335.31	3015.63	2993.78	3247.38	2901.42	3308.48	3147.25	3245.6	3327.68	3553.08	3357.23	3155.39	2950.06	3052.61	3371.59	3434.05	3478.23	3543.47	3782.8	3741.25	3713.91	3906.95	3829.84	3985	4129.46	4062.33	4081.43	4151.18	4077	4073.05	4241.37	4030.51	4550.17	6246.63	7927.67	9810.6299999999992	11339.6	12383.9	13333	13796	14647.3	15140.5	14868.4	14262.4	15491	15636.9	15495	15460.6	14764.2	14485.2	13985.6	13739.3	13852.4	13632.8	13358.9	13553.6	12801.9	13028.1	12706.6	12656.6	13417.1	3329.1	2247.79	2225.2800000000002	2026.7	2065.46	1798.66	1863.92	1833.77	1823.6	1753.21	1741.12	1868.41	1888.51	1847.75	2085.9499999999998	1931.9	2023.33	2004.71	1897.38	1932.18	1993.19	1691.99	1963.76	Geo. Mean size	21.727	20.2364	19.434999999999999	18.904	18.084299999999999	17.6892	17.570499999999999	17.2227	17.0167	16.7957	16.704599999999999	16.3459	16.1252	16.1265	15.8032	15.763	16.131499999999999	15.8377	15.5166	15.693099999999999	15.5825	15.518000000000001	15.297000000000001	15.360799999999999	15.2889	15.2332	15.210100000000001	15.3391	19.244900000000001	17.450600000000001	17.064399999999999	16.171700000000001	16.417200000000001	15.894500000000001	15.8843	15.5434	15.391500000000001	15.549799999999999	15.527100000000001	15.3675	15.220499999999999	15.481299999999999	14.9129	14.748200000000001	14.731400000000001	14.897600000000001	14.509399999999999	14.5863	14.346	14.3847	14.099600000000001	14.296200000000001	14.132400000000001	14.5124	14.2887	13.913	Time (minute)


Total particle concentration (#/cm3)


Geo.mean size (nm)




%Cumulative	8.35	8.98	9.65	10.4	11.1	12	12.9	13.8	14.9	16	17.2	18.399999999999999	19.8	21.3	22.9	24.6	26.4	28.4	30.5	32.799999999999997	35.200000000000003	37.9	40.700000000000003	43.7	47	50.5	54.2	58.3	62.6	67.3	72.3	77.7	83.5	89.8	96.5	103.7	111.4	119.7	128.6	138.19999999999999	148.6	159.6	171.5	184.3	198.1	212.9	228.8	245.8	264.2	4.2297926243420978	8.6870393571680786	13.361398659890767	18.26991898141458	23.404893883841684	28.776381236707845	34.125492745338121	39.375444742256306	44.343660430951154	49.038645034978472	53.614912021631078	58.058305091819854	62.479879903613515	66.804437209053134	71.051869450456365	74.985366953790447	78.689240981690517	81.971825593335765	84.781620603884775	87.151384468873474	89.049847322295761	90.682315448273698	92.047667992714693	93.188865435946894	94.10919056450868	94.890739082841876	95.57847929403728	96.153263848695943	96.679869553085311	97.131195278251354	97.506974415060654	97.82051166738691	98.103574543090957	98.339088813515261	98.529467631746698	98.693676042871886	98.825771577654024	98.957313754394391	99.08247101391612	99.202186161207635	99.31680746224373	99.431938194502322	99.549768707241327	99.666285317517577	99.769729517791788	99.849979904534806	99.91382502966357	99.964690047163998	100	Particles size (nm)


Cumulative # concentration (%)
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