
Airborne particle emission of a commercial 3D printer: the effect of filament material and printing temperature

Luca Stabile1, Mauro Scungio1, Giorgio Buonanno1,2, Fausto Arpino1, Giorgio Ficco1
1Department of Civil and Mechanical Engineering, University of Cassino and Southern Lazio, Cassino (FR), Italy.
2Queensland University of Technology, Brisbane, Australia.


corresponding author
Luca Stabile, PhD
Assistant professor
Department of Civil and Mechanical Engineering - University of Cassino and Southern Lazio (Italy)
Via Di Biasio 43, 03043 Cassino (FR)
Ph.  ++39(0) 7762993668
Fax.  ++39(0) 7762995502
Email: l.stabile@unicas.it

Practical implications
The study provides valuable and novel information on the emission of 3D printers in terms of airborne particles. 3D printing activities were found to emit a significant amount of ultrafine particles, whereas negligible emissions of larger particles were recognized. An effect of the printing temperature was also measured, since particle emission rates increase as function of the printing temperature. The study also highlights the possible contribution of 3D printing activities to the overall daily dose received by people working in microenvironments where 3D printers are run.

Abstract
The knowledge of exposure to the airborne particle emitted from 3D printing activities is becoming a crucial issue due to the relevant spreading of such devices in recent years. To this end, a low-cost desktop 3D printer based on fused deposition modeling principle was used. Particle number, alveolar-deposited surface area and mass concentrations were measured continuously during printing processes in order to evaluate particle emission rates and factors. Particle number distribution measurements were also performed to characterize the size of the emitted particles. Ten different materials and different extrusion temperatures were considered in the survey.
Results showed that all the materials investigated emit particles in the ultrafine range (with a mode in the 10-30 nm range), whereas no emission of super-micron particles was detected for all the materials under investigation. The emission was affected strongly by the extrusion temperature. In fact, the emission rates increase as the extrusion temperature raises. Emission rates up to 1×1012 particles min-1 were calculated. Such high emission rates were estimated to cause large alveolar surface area dose in workers when 3D activities run. In fact, a 40-min long 3D printing was found to cause doses up to 200 mm2.
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1. Introduction
Exposure to airborne particles in indoor environments represents a leading issue in view of human health protection (Morawska et. al., 2013). Indoor micro-environments are usually considered as safe places, but this belief has no scientific basis since a number of researches confirmed that: i) outdoor-generated pollutants are not properly filtered by the building envelope (Ghirga and Pipere, 2012; Wardoyo et. al., 2012; Noh and Hwang, 2010; Stephens and Siegel, 2011; Liu and Nazaroff, 2001); ii) in presence of indoor particle sources the concentration levels in indoors strongly increase due to the reduced permeability of the building. The main particle sources in smoke-free indoor environments are: cooking activities (Buonanno et. al., 2009b; Buonanno et. al., 2011c; Stabile et. al., 2014; Stabile et. al., 2015b), biomass burning for heating purposes (Salthammer et. al., 2014; Spilak et. al., 2014), incense, candle and anti-mosquito product burning (Chuang et. al., 2012; See and Balasubramanian, 2011; Stabile et. al., 2012), resuspension phenomena due to walking or cleaning activities (Buonanno et. al., 2012a; Kim et. al., 2010; Corsi et. al., 2008; Fuoco et. al., 2015), terpene/ozone reactions forming secondary particles (Ishizuka et. al., 2010). In workplace micro-environments the range of sources is even wider, as example, welding activities (Buonanno et. al., 2011d; Moroni and Viti, 2009) and non-hot mechanical processes (e.g. ballistic impacts (Stabile et. al., 2013a) and grinding (Maynard and Zimmer, 2002)) were recognized as significant sources of sub-micron and super-micron airborne particles. Even cleaner workplace environments, such as (non-smoking) office buildings, where neither combustion or manufacturing processes are typically performed, present unexpected particle sources such as printers and photocopiers (Lee and Hsu, 2007; Schripp et. al., 2008; Destaillats et. al., 2008). He et. al. (2007) recognized that more than 60% amongst the 62 printers they tested could be considered emitters of ultrafine particles (i.e. particles smaller than 100 nm) showing emission rates up to 1.6×1011 part. min-1. A negligible emission rate in terms of PM2.5 was also estimated equal to 0.75 μg min-1. Hänninen et. al. (2010) showed that the exposure to ultrafine particles generated by laser printers is not negligible from an epidemiological point of view since risks associated with such exposure may exceed the threshold acceptable risk.
Recently, a “new way of printing” is getting a foothold in the market: the three-dimensional (3D) printing, i.e. the technology able to synthesize three-dimensional objects by means of additive manufacturing method (Glasschroeder et. al., 2015; Tibbits, 2015). Different printing techniques are currently available (fused deposition modeling, selective laser sintering, and stereo lithographic apparatus) but the most popular, cheapest and easiest to use is the fused deposition modeling (FDM). This technique is based on the extrusion of a thermoplastic material (supplied as a filament) through a heated extrusion nozzle head. The extruded material immediately cools down and then  hardens forming a solid layer. Thus the finished object is printed adding successive layers on the basis of the designed 3D models properly imported by the printer software. Even if such technology represents a promising opportunity in industrial and medical sectors (since functional prototypes, mobile robotics and tissue engineering applications can be easily shaped (Mota et. al., 2015; Raasch et. al., 2015; Stanton et. al., 2015; Singh et. al., 2015; de Obaldia et. al., 2015), the particle emission of 3D printers and related materials has been inadequately studied so far. This is a not trivial aspect considering that (i) 3D printers are not only used in controlled workplace environments, (ii) low-cost 3D printers are rapidly penetrating the market making them widely accessible for use in private homes and offices, (iii) physical and chemical composition of emitted particles may be significant different from those emitted by laser printers. Manufacturers typically provide data on the printing material safety highlighting that they comply with the regulation on the restriction of hazardous substances (European Parliament and Council of the European Union, 2011; Commission Regulation, 2010). Anyway, emission of dusts are expected since a local exhaust ventilation and good general extraction is suggested by the manufacturers to avoid reaching the dust occupational exposure limits (Occupational Safety and Health Administration, 2012).
Thermoplastic extrusion method per se has been recognized to emit various hazardous compounds (e.g. acrylonitrile, PAHs, VOCs) as a function of the material used (Chien et. al., 2010; Unwin et. al., 2013; Kim et. al., 2015; Steinle, 2015; Adams et. al., 1999; Lithner et. al., 2011; Azimi et. al., 2016). Anyway, early studies aiming to evaluate the emissions from 3D printers showed that a main pollutant to be investigated is represented by the airborne particles (Kim et. al., 2015; Steinle, 2015; Stephens et. al., 2013; Azimi et. al., 2016). Such researches, mostly performed on a limited number of materials and operating conditions (e.g. at a fixed extrusion temperature), reported significant emissions of sub-micron particles: they measured particle emission rates up to 1010 part. min-1 and 1011 part. min-1 for polylactic acid (PLA) and acrylonitrile-butadiene-styrene (ABS) materials, respectively.
To this purpose, the aim of this paper is the evaluation of the particle emission, and the main influence parameters, of a low cost 3D printer. An experimental analysis, aimed to measure number and mass particle emission rates and factors, was performed considering different materials and extrusion temperatures. Particle distribution measurements were also performed to characterize the size of the particles emitted.

2. Material and methods
2.1. Site description
Measurements were performed from June 2015 to February 2016 in a room (volume 40 m3) of the European Accredited (EA) Laboratory of Industrial Measurements (LAMI), University of Cassino and Southern Lazio, Italy. Thermo-hygrometric conditions were continuously monitored in the room in order to maintain temperature and relative humidity values of 20±1 °C and 50±10%, respectively. The ventilation conditions were continuously maintained during the tests (doors and windows closed; mechanical ventilation turned off). The air exchange rate (AER) was also evaluated on the basis of the CO2 decay curve (He et al., 2004) through a CO2 probe based on the non-dispersive infrared absorption principle (Testo - Ambient CO2 probe; measuring range: 0-10000 ppm). Five measurements were performed in the room under investigation. In particular, the CO2 concentration decay in the room was measured for about 4 h as soon as people, typically occupying the laboratory, left the room: this sampling method guaranteed high and homogeneous CO2 concentrations inside the room. Windows and doors were kept close during the test. The average AER was measured equal to 0.22±0.07 h-1.

2.2. Particle source description 
The 3D printer under investigation is a low-cost RepRap desktop 3D printer: in particular, a FDM 3D printer (Prusa i3, Prusa Research s.r.o., CZ) was used (Table 1). It allows small-scale manufacturing through heated thermoplastic extrusion technique and subsequent deposition of layers of fused materials. As most of the easy-to-use low-cost 3D printers, the device under investigation presents an open frame design since it has neither fume extraction system nor enclosure around the printing area, therefore possible emissions were released in the room.
Ten different materials were tested during the experimental campaign: PLA (polylactic acid), which is a biodegradable thermoplastic aliphatic polyester derived from corn starch, wood/copper/bamboo fibre-/powder-filled polylactic acids (referred as WOOD1, WOOD2, COPPER, BAMBOO, respectively, in Table 2), a softer and bendable PLA (referred as FLEX PLA in Table 2), a styrene-free copolyester (referred as CP in Table 2), a carbon fibre-filled styrene-free copolyster (referred as CARBON-CP in Table 2), NYLON, and a specially formulated thermoplastic polyurethane known as NINJAFLEX®. In Table 2 thermal and mechanical characteristics (as reported in the filament data-sheet) of the 10 materials investigated are summarized. 1.75 mm filament diameter was used in the experimental analysis. 
A “Minion Dave” model was considered in the test as 3D object (Figure 1; width=2.38 cm, depth=2.27 cm, height=3.58 cm). A summary of the test performed was reported in Table 3. All the materials were tested at the same layer height (0.16 mm) and printing speed (16 mm s-1) and, thus, the same filament volume was used (2854 mm3). In Table 3 the printing temperatures were also summarized: different printing temperatures were tested for each material ranging from 180 to 240 °C. Test temperatures fell within the recommended ranges (Table 2) for most of the materials; temperatures higher than the suggested values were also tested (e.g. PLA was tested up to 240 °C even if the decomposition process is expected to start at lower temperatures (Al-Itry et. al., 2012; Mitchell et. al., 2009)). 
A further test with no filament at 240 °C was also carried out in order to perform a “zero” test; in particular, three measurements were performed simulating the Minion Dave printing process not feeding the nozzle with the filament. The zero test is a key test since ultrafine particle emission is expected when metal surfaces are heated (Afshari et. al., 2005; Wallace et. al., 2015): therefore the nozzle heating process itself could lead to ultrafine particle emissions likely overestimating the printing process emission.
In order to properly compare the emission data of the investigated 3D printer when different materials are used, the same printing set up was considered. As an example, all the materials were printed with no heated plate in order to avoid artifacts due to the possible emission of the plate itself (this is also the reason why ABS material was not considered in the study). Moreover, printing process was performed with no “retraction” technique (i.e. “sucking” filament back up through the hot end in order to reduce filament oozing and depositing on the object under printing) since it was discouraged for certain materials. The authors recognize that such approach (i.e. using the same setup) could be not accurate in the view of the printing quality but it is a compulsory condition to provide a suitable discussion of the measurement data.

2.3. Experimental apparatus and quality assurance
In order to characterize the emission of the analyzed 3D printer, the following instruments were used:
· a butanol-based condensation particle counter (CPC 3775, TSI Inc.) able to measure the particle number concentration of particles >4 nm in diameter up to 1×107 part. cm-3 with 1-s sampling time;
· a light-scattering laser photometer (DustTrak aerosol monitor 8534, TSI Inc.) able to measure particle mass concentrations in terms of PM1, PM2.5, PM10 with 1-s sampling time;
· a scanning mobility particle sizer spectrometer (SMPS 3936, TSI Inc.) able to measure the particle number distribution in the sub-micron particle range. In particular, the SMPS is made up of an electrostatic classifier (EC 3080, TSI Inc.), which classifies particles according to their electrical mobility diameter, and a further CPC 3775 to count the classified particles, thus providing particle number size distribution. In the experimental analysis a sampling time of 135 s, an aerosol flow rate of 1.5 L min-1, and a sheath flow rate of 15 L min-1 were selected, then providing particle number size distributions in the 6-220 nm mobility diameter range;
· a nanoparticle surface area monitor (NSAM 3550, TSI Inc.) able to measure the total surface area of particles deposited in the alveolar and tracheobronchial regions of the lungs of a reference worker (Fissan et. al., 2007; Mokhtar et. al., 2013) with 1-s sampling time. In particular, the NSAM does not report the total surface area of particles suspended in the air but, rather, the total surface area of the particles that are deposited in the lung, in units of μm2 cm-3, applying the deposition fraction of particles as a function of their size as tabulated by the International Commission on Radiological Protection (1994). Major details on the principal of operation, simplified hypotheses, and comparison with SMPS are reported in Fissan et. al. (2007) and (Mokhtar et. al., 2013).
In order to guarantee the data quality assurance, the CPCs were calibrated in the European Accredited Laboratory at the University of Cassino and Southern Lazio comparing it to a TSI 3068B Aerosol Electrometer, using NaCl particles generated through a Submicrometer Aerosol Generator (TSI 3940) (Stabile et. al., 2013b; Buonanno et. al., 2009a). The NSAM and DustTrak were calibrated, for the specific aerosol under investigation, at the beginning of the experimental campaign by comparison with the SMPS 3936 (Mokhtar et. al., 2013) and the gravimetric method (which represents the reference method for particle mass concentration measurements, (Buonanno et. al., 2009a; Buonanno et. al., 2010)), respectively.

2.4. Methodology
In order to characterize the particle emission of the 3D printing process, particle number, alveolar-deposited surface area and mass concentration trends as well as particle number distribution measurements were performed during the printing process. The instruments (CPC 3775, DustTrak 8534, NSAM 3550 and SMPS 3936) were placed on a 1-m high desk at a distance of about 2 m from the printer (which was placed at the center of the room on a 0.6-m high desk). The following procedure was applied in the experiments: 10 min measurements of background concentrations followed by the measurements throughout the duration of the printing process, and then further 30–60 min of measurements after the printing had ceased to monitor the concentration decay. Three measurements were performed per each test defined in Table 3. From the concentration trends obtained through the CPC 3775, particle emission rates (ERs) and emission factors (EFs) were calculated. In particular, the ER was evaluated on the basis of the particle concentration trends applying the equation derived by He et. al. (2004):						

							(1)

where Cpeak and Cout represent the peak indoor concentration (whose results are reported in the result section; Table 4) and initial indoor particle concentration (which is assumed equal to the outdoor one), respectively,  is the average indoor concentration throughout the test,  is the average total removal rate, and Δt is time difference between initial (Cout) and peak (Cpeak) concentrations. This equation ignores the effects of particle dynamics such as condensation, evaporation and coagulation. Further examples of ER evaluation are reported in our previous papers (Stabile et. al., 2014; Fuoco et. al., 2014; Buonanno et. al., 2011d; Buonanno et. al., 2011c; Buonanno et. al., 2009b). Emission rate data for each test reported in the result section represent the mean values of the three measurements. Emission factors (EFs) as function of the length of the filament extruded during the printing time were also evaluated dividing the emission rate by the filament length and multiplying by the printing time. The emission factors were reported as function of the length of the filament since it is the key printing parameter (instead of mass which depends on the filament density).
Alveolar-deposited surface area concentration data were used to estimate the dose received by people working in the 40-m3 office supplied by a natural ventilation system. In fact, the measured averaged air exchange rate (0.22 h-1) is typical of public and private buildings not supplied by mechanical ventilation systems (d’Ambrosio Alfano et. al., 2012; Stabile et. al., 2015a; Stabile et. al., 2016). The alveolar surface area deposited dose (Buonanno et. al., 2011a; Buonanno et. al., 2011b) received during the 40-min long printing activity was evaluated for an adult performing a sedentary job (average value, between male-female, of inhalation rate for sitting activity, IR=0.47 m3 h-1; International Commission on Radiological Protection (1994)) as:

 									(2)
where SAlv_dep represents the average alveolar-deposited surface area concentration measured during the printing activity, and t is the printing activity length (40 min).
[bookmark: _Ref298146126]
3. Results and discussions
3.1. Particles’ concentration and distribution data
In Figure 2 an illustrative example of typical trends measured during the tests performed is reported. In particular, particle number, alveolar-deposited surface area and PM (PM1, PM2.5 and PM10) concentration trends are reported for one of three measurements performed for printing process using the BAMBOO filament at 220 °C. The particle number and alveolar-deposited surface area trends clearly highlight: a) the steady-state concentration typical of the background measurement period (about 2×104 part. cm-3 and 35 µm2 cm-3 for the measurement under investigation), b) the concentrations’ increase during the printing process up to a maximum value reached roughly at the end of the printing activity (about 1.10×105 part. cm-3 and 140 µm2 cm-3 for the measurement under investigation), c) the concentrations’ decay due to the particle source turning off. The particle number concentration trend showed a first increase of the concentration typical of the printer warming up period. To better highlight this early peak in concentration, particle number concentration trends of one of the three measurements of CP 220 °C and CP 230 °C tests are reported in Figure 3 since in those samplings higher warming period peaks were measured. Such phenomenon was recognized for all the filaments considered suggesting a not constant particle emission rate as also documented by Azimi et. al. (2016). A different behavior was recognized for the particle mass concentration trends: no effect of the printing process on the PM1, PM2.5 and PM10 concentrations in the room was measured, this could be due to the very small size of the particles emitted by the 3D printer as hereinafter documented (please see Figure 4).
In Figure 3 an example of the particle number concentration trend obtained for the zero test (no filament feeding) was also reported. In particular, a negligible increase in concentration was recognized when filament was not fed. This could be due to the small surface of the nozzle. Despite the zero test, all the other tests performed showed trends similar to those reported in Figure 2: in Table 4 (average) peaks of the particle number and alveolar-deposited surface area concentrations, if any, measured during the all the tests listed in Table 3 are reported. The authors point out that, even if for low emitting filaments the short-term particle concentration peak due to the printer warming up period resulted similar to (or even larger than) the peak typical of the printing process itself. The data reported in Table 4 represent the peaks due to the printing process (i.e. typically recognized at the end of the printing time), neglecting the possible short term peak due to the printer warming up period. Particle concentration results showed that, except for the tests PLA 180 °C, PLA 200 °C, PLA 210 °C, NYLON 220 °C and NINJAFLEX® 220 °C, all the tests performed were recognized to emit sub-micron particles. Peaks up to 1×106 part. cm-3 and 1×103 µm2 cm-3 were measured, whereas background concentrations in the ranges 2×103-3×104 part. cm-3 and 8-35 µm2 cm-3 were detected during the tests. Higher peaks were measured for higher extrusion temperatures suggesting a possible effect of the extrusion temperature on the emission rates/factors: details are hereinafter reported. The increase of particle number concentrations measured during the tests resulted sharper than the alveolar-deposited surface area ones. This could be explained by the typical (small) sizes of the particle emitted by the printing process. As an example, in Figure 4 the particle number distribution temporal evolution corresponding to the measurement reported in Figure 2 (i.e. one of the three measurements of the BAMBOO 220 °C test) is shown. The figure highlights the variation of the distribution’s mode and geometric standard deviation (GSD) due to the emission of fresh particles via printing process: a mode close to 100 nm (typical of an aged aerosol) was measured during the background period, whereas, particles in the ultrafine range were mostly emitted during the printing process. In particular, a mode in the 20-30 nm range was measured. During the decay, a negligible increase of the mode was measured: i.e. no significant coagulation phenomena were recognized during the decay. All the tests characterized by the emission of sub-micron particles presented particle number distribution evolutions similar to the one shown in Figure 4. Maximum standard deviations of the mode were within 20%, therefore, emission rates/factors can be calculated properly using the model reported in the Methodology section (equation 1). In Table 4 a summary of the particle number distribution characteristics (mode and GSD), averaged over the entire length of the printing period and over the three measurements, are reported for each test under investigation. Modes from 10 to about 30 nm were measured. No clear trends of the mode as function of the materials, extrusion temperatures and particle concentrations considered were recognized. On the contrary, narrower distributions (lower GSDs) were documented when higher amounts of particles were emitted: in fact, higher concentrations of particles in the 10-30 nm mode range make negligible the 100 nm background mode. Modes in the ultrafine ranges were also measured by Kim et. al. (2015) and Stephens et. al. (2013) during their characterization of PLA and ABS filament emissions: anyway, the use of instruments not able to measure particles smaller than 10 nm could have limited the emission characterization they proposed. 

3.2. Particle emission rates and factors
On the basis of the particle number concentration trends and the equation (1), the emission rates were evaluated for each test performed. In particular, the average emission rate was estimated and the peak concentration data reported in Table 4 were considered in the evaluation of the emission rate calculation not considering the short term particle concentration increase during the warming period. In Table 5 the average emission rates (ERs, particles min-1) and factors (EFs, particles mm-1) obtained for each test performed, are reported as function of the extrusion temperature. ERs and EFs are clearly affected by the extrusion temperature: the higher the extrusion temperature the greater the particle emission. The temperature effect is better highlighted in Figure 5, where particle number emission rates were plotted as function of the extrusion temperature. As an example, the PLA, which represents the filament thoroughly used and investigated, when extruded at temperature lower than 220 °C does not show particle emission, whereas emission rates of 6.78×109, 2.47×1010, and 9.98×1010 particles min-1 (i.e. 2.26×108, 8.26×108, and 3.33×109 particles mm-1) were detected at 220 °C, 230 °C, and 240 °C, respectively. Such emission rates were roughly similar to the ones reported in previous papers (Kim et. al., 2015; Steinle, 2015; Stephens et. al., 2013) and larger than ones reported in Azimi et. al. (2016). Anyway, for a proper comparison, the possible effect of other printing parameters should be considered (e.g. extrusion speed, use of heated bed, etc.). Moreover, attention should be paid also to the different experimental apparatus used in the analyses: the abovementioned studies performed particle number concentration measurements down to 10 nm then likely underestimating the amount of the freshly-emitted particles smaller than 10 nm (please see Figure 4 and Table 4). The effect of the temperature for PLA filament could be addressed to the effect decomposition phenomena: such process is expected to start at temperature higher than 200 °C being massive at 300 °C (Al-Itry et. al., 2012; Mitchell et. al., 2009; Yang and Lin, 2009). These phenomena could partially explain the similar temperature effect recognized for the other materials, in fact, most of them are PLA-based filaments. In particular, the elevated temperature could lead to a higher vapor pressure of organic material which might promote the particle formation process (Jarmer et. al., 2004; Yang et. al., 2014). Actually, the PLA filament presents a quite low emission rate/factor when compared to the WOOD 2, COPPER, BAMBOO, CP and CP-CARBON filaments whose emission rates were larger than 1012 particles min-1 at 240 °C. Emission factors of NINJAFLEX® and FLEX PLA resulted quite similar to the PLA ones, whereas WOOD 1 ones were slightly larger. Finally, NYLON filament did not show emission for extrusion temperatures lower than 230 °C, whilst its emission at 230 °C and 240 °C resulted quite constant and slightly higher than 1×1011 particles min-1. The authors point out that, in order to provide a more exhaustive discussion on the effect of the extrusion temperature on the emission rates, a more detailed chemical characterization of the filaments’ materials should be performed. As an example, no information are provided by the manufacturer on the abovementioned “proprietary additivation” (Table 2) neither on the possible use of glue. The authors highlight that the emission rates measured for 3D printers are comparable to the ones typical of the most important indoor particle sources characterized by combustion phenomena such as cooking activities (Buonanno et. al., 2011c; Buonanno et. al., 2009b; Stabile et. al., 2015b; Stabile et. al., 2014) and candle/incense burning (Stabile et. al., 2012). Moreover, such emission resulted even larger than those typical of office printers (He et. al., 2007). 

3.3. Surface area dose 
In Table 6 average alveolar particle surface area doses received by an adult during a 40-min long 3D printing activity are reported. Adults performing a sedentary job in a 40-m3 office where a 3D printer is in operation were considered. Such scenario represents a typical office not supplied by mechanical ventilation systems (in fact a ventilation rate equal to 0.22 h-1 was measured as mentioned above). Values ranged from about 4 mm2, for low emitting tests (e.g. PLA at 220 °C), to 240 mm2, for the most emitting test (WOOD 2 at 240 °C), with several tests performed causing alveolar surface area dose larger than 50 mm2. This represents a significant dose taking into account that the daily average alveolar surface area dose received by adults in Australia was measured lower than 500 mm2 (Buonanno et. al., 2012c) and it is still not negligible when compared to the Italian population daily average alveolar surface area dose (about 2000 mm2) since most of the activities they performed during the day provide doses smaller than 20 mm2 (Buonanno et. al., 2011a; Buonanno et. al., 2012b). The authors want to point out that such significant dose was calculated considering a very short printing time (40 min): longer printing times are very common when larger or more complex models have to be printed, correspondingly increasing the dose received by people.

4. Conclusions
In the present paper a comprehensive analysis of the particle emission from a 3D printer was assessed. In particular, a low-cost device was analyzed and different filament materials and printing temperatures were considered in the experimental campaign.
Particle number, alveolar-deposited surface area and PM fraction concentrations were continuously measured during the printing process as well as particle number size distributions. Particle emission rates and factors were calculated for all the tests performed.
Most of the materials and temperatures tested during the printing processes were recognized to emit sub-micron particles: in fact, particle number and alveolar-deposited surface area concentrations up to 1×106 part. cm-3 and 1×103 µm2 cm-3 were measured, respectively. On the contrary no contributions to the particle mass concentrations (PM1, PM2.5 and PM10) was recognized for all the tests performed. Particle number distribution measurements revealed a mode in the ultrafine range of the freshly-emitted particles (typically in the range 10-30 nm). 
Particle number emission rates (factors) up to approximately 3×1012 particles min-1 (1×1011 particles mm-1) were measured. Particle emission was found to increase as function of the printing temperature: the authors speculate that such behavior is due to the higher material decomposition typically occurring at higher temperatures which lead to higher vapor pressure of organic material likely promoting the particle nucleation. As regards the PLA, which represents the most used and investigated materials, a negligible emission was measured for printing temperatures lower than 220 °C, whereas a particle emission rate of about 1×1011 was measured at 240 °C. 
The high particle concentrations resulting from 3D printing activities also caused large alveolar-surface particle doses received by people residing in naturally ventilated rooms/offices: doses up to 200 mm2 were estimated showing the significant contribution of such activities on the daily dose. The authors point out that such findings could be useful in providing information on indoor particle sources whose use is becoming popular in private homes too.
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	Print size (X×Y×Z)
	20×20×18 cm

	Minimum layer height 
	0.06 mm

	Maximal speed 
	200 mm s-1

	Step size in X/Y axes
	10 μm

	Nozzle diameter
	0.4 mm for 1.75 mm filaments

	Maximum extrusion temperature
	240 °C

	Glass base (non-heated)
	20×20×0.3 cm

	Machine Dimension
	46×37×51 cm

	Weight
	6.5 kg

	Electronics
	Arduino Mega 2560 and RAMPS 1.4

	Cartridge heater (voltage, power)
	12 V, 40 W
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Table 2 – Description, thermal and mechanical properties of the materials under investigation.
	Filament material
	Description
	Density
(g cm-3)
	Melting temperature (°C)
	Decomposition temperature (°C)
	Izod impact strength, notched (kJ m-2)
	Izod impact strength, unnotched (kJ m-2)
	Tensile strength (max.) (MPa)
	Flexural modulus (GPa)
	Extrusion temperature recommended (°C)

	PLA
	Biodegradable thermoplastic aliphatic polyester derived from corn starch.
	1.24
	160
	>230
	2.8
	32
	61.5
	3.295
	180-220

	WOOD 1
	Wood powder-filled (40% Recycled wood) PLA with proprietary additivation (antioxidant, pigment)
	0.93
	200
	>270
	n.a.
	n.a.
	n.a.
	n.a.
	190-240

	WOOD 2
	PLA containing 30% of recycled pine woodfibres
	1.15
	>155
	>230
	4.2
	19
	46
	3.93
	195-220

	COPPER
	Copper powder-filled PLA with proprietary additivation (antioxidant, pigment)
	4.00
	160
	>240
	5.5
	10
	25
	7
	160-230

	BAMBOO
	PLA containing 20% of bamboo fibres
	1.19
	>155
	>230
	3
	22
	46
	3.6
	195-220

	FLEX PLA
	Soft and Bendable Polylactic Acid
	0.96
	165
	210-260
	n.a.
	n.a.
	n.a.
	n.a.
	190-240

	CP
	Copolyester (styrene-free)
	1.27
	220
	>270
	n.a.
	n.a.
	n.a.
	2.1
	220-240

	CP-CARBON
	Copolyester (styrene-free) containing 20% of milled carbon fibres
	1.35
	235
	>270
	6
	60
	76
	6.2
	235-255

	NYLON
	Nylon
	1.14
	224
	>280
	n.a.
	n.a.
	90
	0.97
	190-240

	NINJAFLEX®
	Specially formulated thermoplastic polyurethane (TPU) material (patent pending technology)
	1.20
(bulk density=0.5)
	150
	>230
	n.a.
	n.a.
	34.5
	n.a.
	210-225


n.a. = data not available
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Table 3 – Summary of the tests performed for each material: printing temperatures, speeds and times, filament length/volume required, layer height. 
	material
	Printing temperature (°C)
	Filament length/volume (mm)/(mm3)
	Printing time (min)
	Printing speed (mm/s)
	Layer height (mm)

	Zero test 
	240
	No filament 
	40
	16
	0.16

	PLA
	180, 200, 210, 220, 230, 240
	1183/2845
	
	
	

	WOOD 1
	220, 230, 240
	
	
	
	

	WOOD 2
	230, 240
	
	
	
	

	COPPER
	220, 230, 240
	
	
	
	

	BAMBOO
	210, 220, 230, 240
	
	
	
	

	FLEX PLA
	240
	
	
	
	

	CP
	220, 230, 240
	
	
	
	

	CP-CARBON
	220, 230, 240
	
	
	
	

	NYLON
	220, 230, 240
	
	
	
	

	NINJAFLEX®
	220, 230, 240
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Table 4 – Summary of particle number concentration peaks (Npeak, part. cm-3), alveolar-deposited particle surface area concentration peaks (Salv_peak, μm2 cm-3), and particle number distribution parameters (expressed as mode (nm)/GSD) measured for each test performed.
	[bookmark: _Ref314754597]Material
	parameter
	Printing temperature (°C)

	
	
	180 °C
	200 °C
	210 °C
	220 °C
	230 °C
	240 °C

	PLA
	Npeak
	negligible
	negligible
	negligible
	(5.150.55)×103
	(8.213.27)×103
	(4.872.29)×104

	
	Salv_peak
	negligible
	negligible
	negligible
	(1.700.17)×101
	(1.890.22)×101
	(4.401.84)×101

	
	mode/GSD
	negligible
	negligible
	negligible
	15.33.2/2.410.02
	12.92.3/2.120.03
	14.31.1/2.140.13

	WOOD 1
	Npeak
	-
	-
	-
	(1.450.88)×104
	(3.952.20)×104
	(9.271.95)×104

	
	Salv_peak
	-
	-
	-
	(2.641.60)×101
	(3.971.12)×101
	8.303.32)×101

	
	mode/GSD
	-
	-
	-
	12.52.4/2.550.01
	16.94.5/2.160.22
	17.13.0/1.810.10

	WOOD 2
	Npeak
	-
	-
	-
	-
	(6.972.26)×105
	(9.512.45)×105

	
	Salv_peak
	-
	-
	-
	-
	(4.591.01)×102
	(1.080.03)×103

	
	mode/GSD
	-
	-
	-
	-
	16.71.4/1.580.02
	20.43.3/1.650.04

	COPPER
	Npeak
	-
	-
	-
	(3.611.51)×105
	(4.533.37)×105
	(6.670.63)×105

	
	Salv_peak
	-
	-
	-
	(4.252.04)×102
	(5.644.91)×102
	(6.470.59)×102

	
	mode/GSD
	-
	-
	-
	23.56.2/1.590.01
	27.32.4/1.640.05
	15.13.6/1.670.02

	BAMBOO
	Npeak
	-
	-
	(2.860.39)×104
	(1.110.02)×105
	(4.130.09)×105
	(9.543.83)×105

	
	Salv_peak
	-
	-
	(5.730.29)×101
	(1.51.01)×102
	(3.730.01)×102
	(8.000.08)×102

	
	mode/GSD
	-
	-
	18.44.0/2.220.03
	20.61.3/1.720.02
	15.50.4/1.630.02
	15.30.9/1.690.03

	FLEX PLA
	Npeak
	-
	-
	-
	-
	-
	(2.350.39)×104

	
	Salv_peak
	-
	-
	-
	-
	-
	(3.320.13)×101

	
	mode/GSD
	-
	-
	-
	-
	-
	18.60.3/2.26 0.03

	CP
	Npeak
	-
	-
	-
	(8.930.74)×104
	(1.780.02)×105
	(5.620.85)×105

	
	Salv_peak
	-
	-
	-
	(9.59±1.85)×101
	(2.26±0.04)×102
	(6.16±2.26)×102

	
	mode/GSD
	-
	-
	-
	16.14.1/2.090.07
	19.90.1/1.740.03
	15.82.4/1.610.09

	CP-CARBON
	Npeak
	-
	-
	-
	(1.090.15)×105
	(2.300.44)×105
	(4.840.40)×105

	
	Salv_peak
	-
	-
	-
	(1.380.20)×102
	(2.280.22)×102
	(6.151.23)×102

	
	mode/GSD
	-
	-
	-
	17.13.2/1.550.03
	20.60.5/1.640.04
	15.80.6/1.590.03

	NYLON
	Npeak
	-
	-
	-
	negligible
	(1.280.68)×104
	(1.410.28)×104

	
	Salv_peak
	-
	-
	-
	negligible
	(2.230.15)×101
	(2.450.18)×101

	
	mode/GSD
	-
	-
	-
	negligible
	10.83.5/2.720.28
	16.80.5/2.560.04

	NINJAFLEX®
	Npeak
	-
	-
	-
	negligible
	(1.781.03)×104
	(5.781.88)×104

	
	Salv_peak
	-
	-
	-
	negligible
	(3.070.26)×101
	(4.231.30)×101

	
	mode/GSD
	-
	-
	-
	negligible
	16.49.2/2.570.12
	14.33.0/2.050.22
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Table 5 – Summary of particle number emission rate (particles min-1) and factor data (particles mm-1) measured for each test performed. Data in brackets refer to particle number emission factors.
	Material
	Printing temperature (°C)

	
	180 °C
	200 °C
	210 °C
	220 °C
	230 °C
	240 °C

	PLA
	negligible
(negligible)
	negligible
(negligible)
	negligible (negligible)
	(6.780.69)×109
((2.260.23)×108)
	(2.470.39)×1010
((8.261.29)×108)
	(9.980.54)×1010
((3.331.81)×109)

	WOOD 1
	-
	-
	-
	(5.770.84)×1010
((1.930.28)×109)
	(1.690.67)×1011
((5.652.23)×109)
	(2.640.91)×1011
((8.833.05)×109)

	WOOD 2
	-
	-
	-
	-
	(1.911.07)×1012
((6.383.57)×1010)
	(2.781.04)×1012
((9.293.47)×1010)

	COPPER
	-
	-
	-
	(1.980.62)×1012
((6.602.08)×1010)
	(1.400.68)×1012
((4.672.25)×1010)
	(1.960.29)×1012
((6.560.96)×1010)

	BAMBOO
	-
	-
	(1.651.08)×1010
((5.523.61)×108)
	(1.470.45)×1011
((4.911.49)×109)
	(5.840.11)×1011
((1.951.95)×1010)
	(2.651.76)×1012
((8.845.87)×1010)

	FLEX PLA
	-
	-
	-
	-
	-
	(4.181.77)×1010
((1.400.59)×1010)

	CP
	-
	-
	-
	(1.680.39)×1011
((5.601.31)×109)
	(3.200.09)×1011
((1.070.03)×1010)
	(1.580.69)×1012
((5.282.32)×1010)

	CP-CARBON
	-
	-
	-
	(2.310.41)×1011
((7.731.36)×109)
	(5.280.85)×1011
((1.760.28)×1010)
	(1.200.23)×1012
((4.020.77)×1010)

	NYLON
	-
	-
	-
	negligible (negligible)
	(1.410.63)×1011
((4.712.11)×109)
	(1.550.33)×1011
((5.191.10)×109)

	NINJAFLEX®
	-
	-
	-
	negligible (negligible)
	(6.822.37)×1010
((2.280.79)×109)
	(1.390.77)×1011
((4.632.58)×109)



[bookmark: _GoBack]Table 6 – Summary of alveolar surface area dose (mm2) received by an adult during a 40-min long 3D printing activity for each test performed.
	Material
	Printing temperature (°C)

	
	180 °C
	200 °C
	210 °C
	220 °C
	230 °C
	240 °C

	PLA
	negligible
	negligible
	negligible
	3.940.42
	5.100.62
	12.084.96

	WOOD 1
	-
	-
	-
	6.704.58
	8.922.04
	19.996.96

	WOOD 2
	-
	-
	-
	-
	108.0732.13
	241.1544.71

	COPPER
	-
	-
	-
	99.3043.44
	124.6199.49
	146.2711.20

	BAMBOO
	-
	-
	16.371.21
	33.670.02
	86.920.05
	189.1840.71

	FLEX PLA
	-
	-
	-
	-
	-
	9.730.42

	CP
	-
	-
	-
	22.537.09
	52.750.29
	155.3096.90

	CP-CARBON
	-
	-
	-
	43.303.41
	44.741.85
	130.4115.16

	NYLON
	-
	-
	-
	negligible
	5.310.66
	5.840.42

	NINJAFLEX®
	-
	-
	-
	negligible
	8.640.82
	10.482.89





Figure captions
Figure 1 – Examples of Minion Dave models printed through the investigated 3D printer Prusa i3.


Figure 2 – Particle number (N), Alveolar-deposited surface area (SAlv_dep), PM1, PM2.5 and PM10 concentration trends measured through the CPC 3775, NSAM 3550, and DustTrak 8534, respectively, during one of the three BAMBOO 220 °C tests.


Figure 3 – Particle number concentration trends measured through the CPC 3775 during one of the three (i) CP 220 °C test, (ii) CP 230 °C tests, and (iii) zero test.


Figure 4 – Particle number distribution trend measured through the SMPS 3936 during the BAMBOO 220 °C test corresponding to the CPC trend reported in Figure 2.


Figure 5 – Particle number emission rates as function of the extrusion temperature.
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