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Abstract 
 

 

Effect of Temperature on the Emission Rate of Particulate 

Matter during 3D Printing and Characteristics of Initial Peak 

 

 

Haejoon Jeon 

Department of Environmental Health 

Graduate School of Public Health 

Seoul National University, Korea 

 

Advisor Chungsik Yoon, Ph.D., CIH 

 

Objective Three dimensional (3D) printers based on fused deposition modeling 

(FDM) technology are rapidly becoming popular. Various harmful substances 

including gas and particulate matter are known to be released during 3D printing by 

heating thermoplastic materials at high temperature conditions. Previous study 

reported that the particle concentration increased as the temperature rising and 

occurred highest emission at early stages of printing although limited paper 

mentioned about the effect of temperature on the particle emission and the high 

concentration of the early printing. The aims of this study were to evaluate the effect 

of temperature on the emission rate of particulate matter during three-dimensional 
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(3D) printing using different filament types and to investigate the mechanism of the 

highest concentration peak in early stage of printing. 

Methods The number concentration of particles was measured with direct-reading 

instruments, a scanning mobility particle sizer (SMPS) and optical particle sizer 

(OPS) in an exposure chamber at various temperatures while using four filament 

materials (acrylonitrile-butadiene-styrene (ABS), poly lactic acid (PLA), Laywood, 

nylon) during 3D printing. The temperature was increased from 185 to 290°C in 

15°C increments, while incorporating the manufacturer-recommended operating 

conditions. Emission rates were calculated by three different equations. For the 

measurement of particles emitted from early stage of the printing in a short time 

including pre-heat period, on-line instrument, condensation particle counter (CPC) 

with 1 sec intervals was used. 

Results In printing phase, the emission rate increased gradually as the temperature 

increased for all filament types, and temperature was the key factor affecting the 

emission rate after filament type. For all filaments, at the lowest operating 

temperature, the emission rate was 107~109 particles/min, whereas the emission 

rate at the highest temperature was about 1011 particles/min, i.e., 100~10,000 times 

higher than the emission rate at the lowest temperature. Temperature is crucial 

factor that affect total emission rates of particles, furthermore affect initial 

concentration. Before printing phase, in pre-heat period, particles emitted from 

heating nozzle with unstable state of filaments affect the initial peak just after 

printing started. In some cases, at the end of printing, final peak occurred also as 

the same mechanism with initial peak. Particles emitted from printing phase with 

particles from pre-heat period occurred high concentration of initial stage of the 
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printing.  

Conclusions In this study, the particle emission and initial concentration for all 

four filament materials were increased as the temperature increased. To reduce 

particle emissions from 3D printing, for all materials, manufacturers should 

develop low-temperature systems for low-emission printers. We recommend 

printing at the lowest temperature possible or using low-emission materials. 

Keyword: 3D printer, fused deposition modeling, nanoparticles, 

particle emissions, ultrafine particles  

Student number: 2017-24140 
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1. Introduction 

 

Three-dimensional (3D) printing technology has been used in additive 

manufacturing since the late 1980s. The technology is applied in various sectors, 

including the functional evaluation of product design and the fabrication of health 

care products, physical prototypes, and biological structures (Berman et al., 2012; 

Bhushan et al., 2017; Chua et al., 2014; Goyanes et al., 2015; Khoo et al., 2015; 

Kim et al., 2015). 

Various printing methods have been developed to build 3D structures. Among 

them, fused deposition modeling (FDM), stereolithography (SLA), digital light 

processing (DLP), and selective laser sintering (SLS) are commonly used for 

personal or commercial purposes. The FDM method is the most common 

extrusion-based 3D printing method, in which a thermoplastic filament is heated to 

a semi-liquid state and deposited on a heated bed layer-by-layer to construct a 3D 

object (Wong et al., 2012; Zukas et al., 2015). The FDM method is used in small-

scale manufacturing enterprises, design offices, schools, libraries, and personal 

residences, and is popular with the general public due to its low cost and ease of 

operation(Kim et al., 2015; Deng et al., 2016; Kwon et al., 2017; Yi et al., 2016). 

Various materials are used as filaments, including acrylonitrile butadiene styrene 

(ABS), polylactic acid (PLA), polyvinyl alcohol, nylon, and other polymers. 

Among these thermoplastics, ABS and PLA are the most popular filament 

materials(Kwon et al., 2017; Azimi et al., 2016; Floyd et al., 2017; Wojtyla et al., 

2017). 
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During 3D printing at high temperatures, harmful substances, including gaseous 

and particulate matter, can be emitted from the thermoplastic materials. Previous 

studies have found high emissions of nanoparticles and volatile organic compounds 

(e.g., toluene and ethylbenzene) during 3D printing under high-temperature 

conditions(Kim et al., 2015; Azimi et al., 2016; Afshar-Mohajer et al., 2015; 

Cheves et al., 2014; Stefaniak et al., 2017; Stephens et al., 2013). Especially in case 

of particles emissions, previous study have reported that the particle emission 

occurred highest peak in early stage of printing but there is no exact reason of this 

mechanism (Kim et al., 2015; Azimi et al., 2016; Deng et al.,2016; Yi et al.,2016; 

Floyd et al., 2017; Mendes et al., 2017). It assumed that the filaments were located 

in the extruder and may inhomogeneously overheat at the printing start (Deng et 

al., 2016). Once inhaled, the ultrafine particles (UFPs) emitted during 3D printing 

can penetrate into the pulmonary region of the lung and can affect the 

cardiovascular system as they are transported through the bloodstream 

(Oberdörster, 2000). 

The level of harmful emissions can be affected by several factors, such as 

operational design, printing type, operating temperature, and materials used. Many 

studies have assessed the FDM method, and have identified filament type and 

temperature as the main factors influencing the generation of harmful agents (Kim 

et al., 2015; Kwon et al., 2017; Azimi et al., 2016). 

When printing at temperatures lower than the manufacturer’s recommendations, 

particle emissions are relatively low or at negligible levels, whereas significant 

emission rates have been measured at temperatures higher than the manufacturer-
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recommended level (Deng et al., 2016; Stabile et al., 2017). However, because the 

recommended temperature varies depending on the filament type, it is unclear 

whether the generation of harmful agents is influenced more by filament type or 

temperature. The effect of temperature has been tested under a few conditions, but 

it has not been systematically evaluated (Deng et al., 2016; Kwon et al., 2017; 

Azimi et al., 2016; Stephens et al., 2013; Stabile et al., 2017; Steinle, 2016). 

For the calculation of the particle emissions, most of previous study used single 

equation (Davis et al., 2016; Azimi et al., 2016; Stephens et al., 2013; Kim et al., 

2015). So far there is no standard equation or method to calculate emission rates and 

each considering factor is different.  

The aim of this study was to evaluate the emission rate of particulate matter 

generated by temperature changes during 3D printing using several different 

filament types and to investigate the highest peak of the early stage of printing.  
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2. Methods and materials 

 

 3D printing consisted of three sections. Phase 1 is the pre-heat period (Before 

printing) which is the nozzle and heating bed were heated up with setting temperature. 

Phase 2 is the printing period (During printing) which is the objects are made up and 

Phase 3 is the end of the printing period (After printing).  

2.1 Experimental conditions 

2.1.1 Sampling chamber 

The tests were conducted in a 2.5 m3 chamber, in which nanoparticles were 

characterized and controlled before and during 3D printing (Kwon et al., 2017). 

This chamber proved to be appropriate for the study. A detailed description of the 

chamber, together with a schematic diagram, was provided in a previous 

publication (Kwon et al., 2017). 

 

Figure 1. Schematic diagram of test chamber. 
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2.1.2 Printing conditions 

Experiments were conducted using a commercially available FDM type 3D 

printer (3DISON Multi 2; Rokit Inc., Seoul, Republic of Korea) that was 

compatible with various thermoplastic filaments. The printer was an enclosed type, 

with two extruders that were connected to nozzles (dimeter = 0.4 mm) and a 

heating bed for the stable printing of objects. To evaluate the characteristics of 

particle emissions, only one extruder was used with four different filament 

materials. In the experiment, we applied a temperature gradient of 15°C increments 

over a range of 185–290°C, which included the manufacturer-recommended 

operating temperature for all filaments tested. However, for some filaments, the 

object was not well formed below the recommended temperature, and the actual 

emission rate could not be obtained at low temperatures, except for PLA (Table 1). 

Therefore, the emission rates for ABS, laywood, and nylon filaments were tested 

from 215 to 290°C, 230 to 290°C, and 245 to 290°C, respectively. 

2.1.3 Selection of printing materials 

Objects were printed by the 3D printer using four filament types: ABS, PLA, 

nylon, and laywood. These filaments were selected based on the manufacturer-

recommended operating temperature and emission rate, including a relatively low 

temperature (PLA and laywood; 215°C), low emissions (PLA and laywood), and 

relatively high temperature (ABS and nylon; 245°C) and medium (ABS) or high 

(nylon) emissions, as determined in our previous study(Kwon et al., 2017). 
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The detailed printing conditions for each filament type are shown in Table 1. The 

same object was made in each test using identical amounts filament (893 cm), and 

the time required was 135 ± 0.9 min. The tape and glue recommended by the 

manufacturer were used and the bed temperature was set to 90°C, enabling the 

manufactured object to adhere well to the bed. Previous studies have shown that 

these conditions, bed temperature, tape, and glue, have little effect on particle 

emissions(Kwon et al., 2017). 

Each filament was weighed before and after printing to calculate the emission 

rate based on the consumed mass of filament. The density of all filaments was also 

estimated by weighing and calculating the unit length of 1.75-mm-diameter 

filaments. Design software (New CreatorK ver. 1.57.19; Rokit Inc.) was used to 

generate the printing code for the 3D printing operation and a square-shaped object 

(34.5 × 34.5 × 34.5 mm) was printed using each filament type in all operations. 
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Table 1. Summary of the 3D printing conditions. 

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, polylactic acid. 

† Manufacturer-recommended operating temperature. 

a) The tested length of each filament was identical (893.15 cm). 

b) The bed was prepared with tape and glue before printing.  

c) Due to the flexible material characteristics, the bed was prepared at room 

temperature.  

Filament a) Color Extruder 
 temp, °C 

Bed  
temp 
b), °C 

Density, 
g/cm3 

Mass, g Printing 
duration, min 

PLA Snow 
White 

185 90 1.26 23.66 ± 0.28 136 

200   23.97 ± 0.32 136 

215†   24.16 ± 0.36 136 

230   24.17 ± 0.31 137 

245   24.27 ± 0.34 135 

260   23.99 ± 0.09 136 

275   24.74 ± 0.07 136 

290   24.46 ± 0.43 135 

Laywood Brown 215† 90 1.13 21.60 ± 0.08 135 

230   22.60 ± 0.06 135 

245   22.56 ± 0.06 134 

260   22.27 ± 0.07 134 

275   22.21 ± 0.05 135 

290   22.05 ± 0.09 135 

ABS Snow 

White 

215 90 1.00 20.10 ± 0.04 134 

230   20.20 ± 0.06 135 

245†   20.40 ± 0.04 134 

260   20.45 ± 0.03 134 

275   20.48 ± 0.04 134 

290   20.54 ± 0.02 134 

Nylon Snow 
White 

245† Room 
temp c) 

1.13 22.29 ± 0.12 135 

260   22.35 ± 0.16 136 

275   22.41 ± 0.25 135 

290   22.18 ± 0.10 134 
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2.2. Measurements 

In printing phase, real-time monitoring of particles was conducted at each test 

temperature and each experiment was repeated three times for each condition. To 

measure the particle number concentration and size distribution in real time, a 

scanning mobility particle sizer (SMPS; Model 3910; TSI Inc., Shoreview, MN, 

USA) and optical particle spectrometer (OPS; Model 3330; TSI Inc.) were used at 

1-min intervals. The detectable size ranges of the instruments were 10–420 nm for 

the SMPS and 300–10,000 nm for the OPS. The particle number concentration 

(particles/cm3) and size distribution obtained from each instrument were used to 

calculate the emission rates. 

For all experiments, the 3D printer was placed in the center of the mixing chamber. 

Before printing, the 3D printer heating bed was prepared by attaching tape and 

spreading a thin layer of glue to attain the desired adhesive strength. Particle 

measurements were conducted continuously before, during, and after printing. The 

monitoring procedures were divided into three phases according to the 3D printing 

conditions. Prior to printing, air was passed into the chamber at a flow rate of 0.1 

m/s to remove contaminants and the ventilation system was turned off. The 

descriptions of each phase are as follows. (1) Before printing, after stabilizing the 

background concentration level, sampling was conducted for about 60 min to obtain 

a background particulate concentration level. (2) During printing, it took about 10 

min to reach the required temperature of the heating bed and extruder. After this pre-

heating stage, a print job was started. The total printing time was about 130–140 min. 
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(3) After printing, the fan of the exposure chamber was operated continuously to 

remove the pollutants emitted during printing, enabling the air in the chamber to 

return to the background level(Kwon et al., 2017). 

 

Figure 2. Summary of sampling design. 
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2.3. Calculation of emission rates 

Three methods have been proposed to calculate the emission rate of particulate 

matter from 3D printing. All of the calculated emission rates during printing based 

on time (per minute), mass of filament used (per gram).  

The first method was derived from our previous study (Kim et al., 2015). It is 

assumed that the particles are mixed well in the mixing chamber and the cross 

sectional area of the sampling chamber is under the same number concentration. The 

total number of particles emitted during 3D printing was calculated as follows. 

(Kwon et al., 2016) 

𝑁𝑡𝑜𝑡𝑎𝑙 = (𝐺𝑀𝑑𝑢𝑟𝑖𝑛𝑔 −  𝐺𝑀𝑏𝑒𝑓𝑜𝑟𝑒)  ×  𝑄𝑐ℎ𝑎𝑚𝑏𝑒𝑟  × 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛   [1] 

𝑁𝑡𝑜𝑡𝑎𝑙 is the total number of particles emitted during 3D printing. To measure 

only particles emitted during 3D printer operation, the 𝐺𝑀𝑏𝑒𝑓𝑜𝑟𝑒  concentration was 

subtracted from the 𝐺𝑀𝑑𝑢𝑟𝑖𝑛𝑔   concentration of particles. 𝑄𝑐ℎ𝑎𝑚𝑏𝑒𝑟   is the total 

flow rate of the air passed through the chamber inside and 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛  is the total 

printing time (min). In this equation, total emission rate can be calculated instead of 

emission rate emitted during 1 min. 

 The second method was derived from Azimi et al. (2016). This method applied 

a dynamic well-mixed number balance on the total particle number concentrations 

measured inside the chamber to estimate time-varying particle emission rates, which 

we considered largely representative of UFPs. 
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𝐸𝑈𝐹𝑃(𝑡𝑛+1)

𝑉
 =  

[𝐶𝑈𝐹𝑃,𝑖𝑛(𝑡𝑛+1)− 𝐶𝑈𝐹𝑃,𝑖𝑛(𝑡𝑛)]

∆𝑡
 −  𝐿𝑈𝐹𝑃𝐶𝑈𝐹𝑃,𝑏𝑔 + 𝐿𝑈𝐹𝑃𝐶𝑈𝐹𝑃,𝑖𝑛(𝑡𝑛)  [2] 

𝐸𝑈𝐹𝑃(𝑡) is the time-varying UFP emission rate from a single 3D printer at a given 

time (particles/min), V is the chamber volume (m3). 𝐶𝑈𝐹𝑃,𝑖𝑛(𝑡𝑛)  is the UFP 

concentration inside the chamber at time (particles/m3). 𝐿𝑈𝐹𝑃  is the total UFP loss 

rate constant inside the chamber (L/min). 𝐶𝑈𝐹𝑃,𝑏𝑔  is the average measured 

background concentration.  

The third method was derived from ULI (Underwriters Laboratories, Inc.). 

Particle emission rate and total particle number emitted were calculated from this 

equations.  

TP =  𝑉𝑐(
∆𝐶𝑝

𝑡𝑠𝑡𝑜𝑝−𝑡𝑠𝑡𝑎𝑟𝑡
 +  𝛽 ∙ 𝐶𝑎𝑣)(𝑡𝑠𝑡𝑜𝑝 − 𝑡𝑠𝑡𝑎𝑟𝑡 ) [3] 

TP is total particles emitted, Cav is arithmetic average concentration and Vc is 

volume of the chamber. Particle loss rate is calculated by:  

𝛽 =  
ln(𝑐1/𝑐2)

𝑡2 − 𝑡1
 

where 𝑡1 is at least 15 min after the end of the printing phase and 𝑡2 is at least 25 

min after 𝑡1. It is assumed that the particle loss rates are constant but actually the 

loss coefficient are not constant because the gradient of post-operating phase changes 

quite a lot. 
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2.4. Measurement particles of initial peak 

To investigate the initial peak of the early stage of printing, additional 

measurement of particles from pre-heat period was needed. Most popular filament, 

ABS was used and the operation temperature was 245℃ which is the manufacturer-

recommended temperature.  

A condensation particle counter (CPC, P-Trak model 8525, TSI Inc.) was used to 

measure the total particle number concentration of early stage of printing, with a 

range of 20 nm to 1,000 nm and an upper limit of 500,000 particles/cm3. Before 

printing started, the nozzle is heated during pre-heat period with setting temperature. 

For the measurement of particles emitted from the pre-heat stage which takes about 

1−2 min, CPC with 1 sec intervals was used. 

Measurements is consisted of three phase as follows: 

1) Before printing phase 

Particles was measured only in pre-heat period, before printing phase. For this 

measurement, operation was stopped at end of the pre-heat period before 

printing started. In this phase, we can count the particles that  

ed nozzle related to initial effect of the temperature, excluding of printing 

operation. 
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2) During printing phase 

After identify the particles from the before printing phase, investigate the 

concentration and pattern of CPC of initial peak. 

3) Comparison of the initial peak 

In same temperature condition, initial concentration can be different by 

amount of filaments. Comparing the length of melted filaments, particle 

concentration was measured.  
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3. Results 

 

3.1. Concentration of particles emitted during printer 

operation according to temperature and filament 

type 

In this study, particulate matter in the range of 10 nm to 10 µm was measured using 

SMPS and OPS at the same time, but only the results for the range of 10~420 nm, as 

measured by the SMPS, were used because the number concentration of the 

measured particulate matter was mostly small and fell within the SMPS 

measurement range. As a result, the number concentration measured by the OPS 

(0.3~10 µm) represented less than 1% of the total number concentration. The number 

concentration measured by the SMPS under each test condition is summarized in 

Table 2. 

The particle number concentration increased for all filament types as the 

temperature increased from the lower to upper end of the test range. At the 

manufacturer-recommended operating temperature for each filament type, the 

number concentration of particles varied by filament type. For PLA and laywood, at 

the manufacturer-recommended operating temperature of 215°C, the particle number 

concentrations were 430 particles/cm3 (GSD 1.10) and 1,271 particles/cm3 (GSD 

1.90), respectively. For ABS and nylon, at the manufacturer-recommended operating 

temperature of 245°C, the particle number concentrations were 9,175 particles/cm3 

(GSD 1.17) and 1,260 particles/cm3 (GSD 1.52), respectively. 
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At a given temperature, the particle number concentration differed according to the 

filament type. At the lowest common temperature for all filaments (i.e., 245°C), the 

number concentration for PLA was 1,053 particles/cm3 (GSD 1.32), with 

concentrations then increasing in the order of nylon (1,260 particles/cm3, GSD 1.52), 

ABS (9,175 particles/cm3, GSD 1.17), and laywood (44,170 particles/cm3, GSD 

1.47). At the highest common temperature for all filaments (i.e., 290°C), the number 

concentration was 61,195 particles/cm3 (GSD 1.73) for nylon, with concentrations 

then increasing in the order of PLA (105,859 particles/cm3, GSD 1.29), ABS 

(154,694 particles/cm3, GSD 1.20), and laywood (179,593 particles/cm3, GSD 1.25).  

In phase 3 (after printing), following 60 min of ventilation, the geometric mean 

(GM) of the particle number concentration was slightly higher than the background 

concentration in phase 1 (before printing), as shown in Table 2. In phase 3 (after 

printing), the number concentration was high immediately after printing but it then 

slowly decreased to a lower level. The range or GSD of the number concentration 

was relatively large in phase 3 (after printing) compared to phase 1 (before printing).
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Table 2. Summary of the particle concentrations during printing at various 

temperatures with different filament materials. 

    Concentration (10–420 nm, particles/cm3) 

Filament 

Tem

p 

(°C) 

Before  During  After 

GM 

(GSD) 
Range  

GM 

(GSD) 
Range  

GM 

(GSD) 
Range 

PLA 

185 
190 

(1.07) 
164–231  

244 

(1.06) 
208–284  

231 

(1.08) 
189–280 

200 
245 

(1.07) 
194–299  

307 

(1.10) 
212–361  

235 

(1.07) 
214–314 

215† 
225 

(1.06) 
197–266  

430 

(1.10) 
367–667  

431 

(1.15) 
371–1,029 

230 
153 

(1.07) 
138–194  

327 

(1.22) 
260–1,081  

316 

(1.13) 
271–638 

245 
223 

(1.07) 

194−25

7 
 

1,053 

(1.32) 
360–3,407  

341 

(1.52) 
258–4,045 

260 
235 

(1.15) 
196–372  

13,395 

(1.41) 
398–31,914  

307 

(2.08) 
227–14,285 

275 
161 

(1.09) 
134–205  

36,690 

(1.21) 
9,865–62,336  

277 

(2.23) 
202–20,230 

290 
276 

(1.06) 
252–327   

105,859 

(1.29) 
8,820–155,501   

474 

(2.73) 
286–56,752 

Laywood 

215† 
271 

(1.08) 
231–313  

1,271 

(1.90) 
376–4,533  

419 

(1.39) 
332–3,207 

230 
213 

(1.09) 
176–254  

14,506 

(1.58) 
355–42,106  

382 

(1.90) 
275–12,898 

245 
392 

(1.07) 
344–447  

44,170 

(1.47) 
3,674–78,026  

669 

(1.83) 
508–19,112 

260 
388 

(1.08) 
332–453  

92,456 

(1.28) 
14,078–158,117  

415 

(2.27) 
299–29,944 

275 
131 

(1.07) 
115–153  

175,792 

(1.26) 
43,333–323,621  

276 

(3.72) 
139–92,283 

290 
313 

(1.08) 
253–368   

179,593 

(1.25) 
30,995–264,053   

643 

(3.02) 
403–112,133 

ABS 

215 
499 

(1.05) 
442–554  

679 

(1.09) 
579–1,092  

456 

(1.09) 
405–723 

230 
164 

(1.08) 
133–192  

1,527 

(1.31) 
342–4,762  

310 

(1.36) 
258–2,054 

245† 
321 

(1.08) 
246–365  

9,175 

(1.17) 
4,302–14.863  

437 

(1.37) 
380–3,053 

260 
250 

(1.05) 
222–285  

29,350 

(1.23) 
6,271–54,647  

529 

(1.49) 
425–6,136 

275 
297 

(1.06) 
266–336  

55,026 

(1.19) 
15,077–88,880  

548 

(1.80) 
410−16,447 

290 
360 

(1.05) 
318–407   

154,694 

(1.20) 
77,857–250,977   

582 

(2.01) 
424−25,869 

Nylon 

245† 
234 

(1.17) 
174–370  

1,260 

(1.52) 
767–7,260  

238 

(1.33) 
188–1,290 

260 
353 

(1.05) 
314–394  

2,874 

(1.95) 
390–52,374  

436 

(1.59) 
327–3,766 

275 
260 

(1.07) 
223–302  

27,518 

(1.59) 
1,683–116,325  

347 

(2.26) 
255–29,201 

290 
271 

(1.08) 
194–314   

61,195 

(1.73) 
13,595–171,949   

455 

(2.48) 
306–77,665 

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, polylactic acid. 

† Manufacturer-recommended operating temperature. 
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3.2. Emission rates at various temperatures with 

different filament materials  

Table 3 shows the emission rates at various temperatures during 3D printing, 

calculated based on time (particles/min) and the mass of filament used (particles/g).  

Calculation method 1 was derived from Azimi et al. (2016), method 2 was 

derived from our previous study Kim et al. (2015) was applied and method 3 was 

derived from UL. 

Emission rates based on printing time (particles/min) and the mass of filament 

used (particles/g) all increased as the temperature increased regardless of the 

filament tested.  

Comparison of three methods, in all temperature and filament materials, 

emission rates were lowest with Method 1 (Kim et al., 2015), highest with method 

3 (UL). Emission rates (particles/min) calculated with Method 3 were about 1–6 

times higher than value of Method 1. 

In the PLA test, over a wide range of temperatures (185–290°C), the emission 

rate varied by four orders of magnitude, from 7.0 × 107 particles/min (4.3 × 108 

particles/g filament used) to 2.1 ×1011 particles/min (1.1 × 1012 particles/g filament 

used). The emission rate in the ABS test differed by three orders of magnitude over 

a temperature range of 215–290°C, while laywood and nylon showed a difference 

of two orders of magnitude over the temperature ranges of 215–290°C and 245–

290°C, respectively. Over the temperature range of 245–290°C, which was 

common to all filaments, the emission rate for PLA differed by two orders of 
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magnitude, while for the other filaments, the emission rate only varied by one order 

of magnitude. 

At the manufacturer-recommended operating temperature for each filament, the 

emission rates of particles varied by filament type. For PLA and laywood, at the 

manufacturer-recommended operating temperature of 215°C, the lowest emission 

rates were 3.3 × 108 and 1.5 × 109 particles/min, respectively. For ABS and nylon, 

at the manufacturer-recommended operating temperature of 245°C, the lowest 

emission rates were 1.4 × 1010 and 3.1 × 109 particles/min, respectively. 
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Table 3. Emission rates for different filaments at several operating temperatures.  

  Method 11) Method 22) Method 33) 

Filament 
Temp 

(℃) 

Mean±SD 

(particles/min) 

Mean±SD 

(particles/g) 

Mean±SD 

(particles/min) 

Mean±SD 

(particles/g) 

Mean±SD 

(particles/min) 

Mean±SD 

(particles/g) 

PLA 

185 7.0 × 107±1.3 × 107 3.9 × 108±7.3 × 107 7.7 × 107±1.9 × 107 4.3 × 108±1.1 × 108 4.5 × 108±3.0 × 108 2.6×109 ± 1.7×109 

200 8.8 × 107±2.0 × 107 4.9 × 108±1.1 × 108 9.6 × 107±1.7 × 107 5.4 × 108±9.9 × 107 5.0 × 108±6.1 × 107 2.8 × 109±3.9× 108 

215 3.3 × 108±1.8 × 108 1.9 × 109±1.0 × 109 3.4 × 108±1.8 × 108 1.9 × 109±1.0 × 109 7.6 × 108±3.0 × 108 4.2 × 109±1.7 × 109 

230 2.6 × 108±4.3 × 107 1.5 × 109±2.3 × 108 3.0 × 108±4.1 × 107 1.7 × 109±2.2 × 108 5.9 × 108±1.7 × 108 3.3 × 109±9.2 × 108 

245 1.3 × 109±2.1× 108 6.9 × 109±9.9× 108 1.4 × 109±2.1 × 108 7.5 × 109±9.3 × 108 1.9 × 109±4.2 × 108 1.1 × 109±2.0 × 109 

260 2.4 × 1010±2.0 × 1010 1.4 × 1011±1.1 × 1011 2.5 × 1010±2.0× 1010 1.4 × 1011±1.2 × 1011 2.8 × 1010±2.2× 1010 1.6 × 1011±1.3 × 1011 

275 5.5 × 1010±1.5 × 1010 3.0 × 1011±8.1 × 1010 5.7 × 1010±1.6 × 1010 3.1 × 1011±8.4 × 1010 6.2 × 1010±1.7 × 1010 3.4 × 1011±9.0× 1010 

290 1.8 × 1011±1.2 × 1011 1.0 × 1012±6.6 × 1011 1.9 × 1011±1.2 × 1011 1.1 × 1012±6.8 × 1011 2.1 × 1011±1.1 × 1011 1.1 × 1012±7.4 × 1011 

Laywood 

215 1.5 × 109±3.2 × 108 9.2 × 109±1.9 × 109 2.4 × 109±1.3 × 109 1.5 × 1010±7.9 × 109 3.1 × 109±1.3 × 109 1.9 × 1010±8.0 × 109 

230 2.2 × 1010±6.1 × 109 1.3 × 1011±3.7 × 1010 2.8 × 1010±7.1 × 109 1.7 × 1011±4.3 × 1010 3.1 × 1010±7.6 × 109 1.8 × 1011±4.7 × 1010 

245 6.6 × 1010±1.0 × 1010 3.9 × 1011±5.9 × 1010 7.6 × 1010±1.1 × 1010 4.5 × 1011±6.1 × 1010 8.3 × 1010±1.1 × 1010 4.9 × 1011±6.5 × 1010 

260 1.4 × 1011±3.1 × 1010 8.4 × 1011±1.8 × 1011 1.5 × 1011±3.2 × 1010 8.8 × 1011±1.9 × 1011 1.6 × 1011±3.4 × 1010 9.5 × 1011±2.0 × 1011 

275 2.8 × 1011±4.3 × 1010 1.7 × 1012±2.5 × 1011 2.8 × 1011±5.3 × 1010 1.7 × 1012±3.1 × 1011 3.0 × 1011±5.8 × 1010 1.8 × 1012±3.4 × 1011 

290 2.6 × 1011±5.1 × 1010 1.6 × 1012±3.0 × 1011 2.8 × 1011±5.2 × 1010 1.7 × 1012±3.1 × 1011 3.0 × 1011±5.7 × 1010 1.8 × 1012±3.3 × 1011 

ABS 

215 2.9 × 108±1.4 × 108 1.9 × 109±9.6 × 108 3.0 × 108±1.3 × 108 2.0 × 109±9.2 × 108 1.2 × 108±4.8 × 108 7.8 × 109±3.3 × 108 

230 2.2 × 109±1.0 × 109 1.4 × 1010±7.1 × 109 3.1 × 109±7.9 × 108 2.0 × 1010±5.1 × 109 2.8 × 109±1.1 × 109 1.9 × 1010±7.8 × 109 

245 1.4 × 1010±7.1 × 109 9.3 × 1010±4.6 × 1010 1.5 × 1010±7.9 × 109 9.8 × 1010±5.1 × 1010 1.7 × 1010±8.7 × 109 1.1 × 1011±5.6 × 1010 

260 4.7 × 1010±2.3 × 1010 3.0 × 1011±1.5 × 1011 4.9 × 1010±2.5 × 1010 3.2 × 1011±1.5 × 1011 5.4 × 1010±2.7 × 1010 3.5 × 1011±1.7 × 1011 

275 1.0 × 1011±8.0 × 1010 6.6 × 1011±5.2 × 1011 1.0 × 1011±8.2 × 1010 6.7 × 1011±5.3 × 1011 1.1 × 1011±8.9 × 1010 7.4 × 1011±5.8 × 1011 

290 2.4 × 1011±5.3 × 1010 1.5 × 1012±3.6 × 1011 2.4 × 1011±5.4 × 1010 1.5 × 1012±3.6 × 1011 2.6 × 1011±5.8 × 1010 1.7 × 1012±4.0 × 1011 

Nylon 

245 3.1 × 109±4.3 × 109 1.9 × 1010±2.6 × 1010 4.1 × 109±5.2 × 109 2.4 × 1010±3.2 × 1010 4.8 × 109±5.9 × 109 2.9 × 1010±3.5 × 1010 

260 5.5 × 109±5.9 × 109 3.3 × 1010±3.5 × 1010 9.1 × 109±9.4 × 109 5.4 × 1010±5.6 × 1010 1.0 × 109±9.9 × 109 6.2 × 1010±5.9 × 1010 

275 4.2 × 1010±1.2 × 1010 2.5 × 1011±6.9 × 1010 4.8 × 1010±1.2 × 1010 2.9 × 1011±6.6 × 1010 5.3 × 1010±1.3 × 1010 3.1 × 1011±7.2 × 1010 

290 1.0 × 1011±4.5 × 1010 5.9 × 1011±2.6 × 1011 1.2 × 1011±4.6 × 1010 7.1 × 1011±2.7 × 1011 1.3 × 1011±5.0 × 1010 7.8 × 1011±2.9 × 1011 
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1) Method 1 : Emission rate estimation method derived from Kim et al.(2015) 

2) Method 2 : Emission rate estimation method derived from Azimi et al.(2016) 

3) Method 3 : Emission rate estimation method derived from UL. 

Abbreviations: ABS, acrylonitrile butadiene styrene; PLA, polylactic acid. 

† Manufacturer-recommended operating temperature. 
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3.3. Emission rates under different printing conditions 

Figure 3 shows the time-varying emission rates of phase 2 (during operation) for 

the four filament types. For all filament types, the emission rate increased as the 

temperature increased. As printing started (not including the preheating period), the 

emission rate for all filament types increased rapidly to reach a peak emission. It then 

decreased slowly and was maintained at a stable level. In the phase of decreasing 

emissions, the emission rate decreased smoothly (e.g., ABS and PLA) or initially 

decreased and then fluctuated over time (e.g., laywood and nylon). For example, for 

laywood, in the temperature range of 215–260°C, the emission rate decreased rapidly 

from the peak emission in the early stage, and then increased with some fluctuation. 

For nylon, at 275 and 290°C, the emission rates were highest when printing began 

and then decreased with some fluctuation. For ABS and PLA, the emission rates 

were highest when printing started and then decreased smoothly without fluctuation. 

Since low emission rates are not clearly shown in Figure 3, these rates are more 

clearly depicted in Appendix 1. In some cases, such as at 290°C for nylon and 

laywood and under some conditions, the emission rate at the end of the printing was 

higher than during the previous printing period. 
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Figure 3. Time-varying emission rates during printing at various temperatures with 

different filament materials: (a) polylactic acid (PLA), (b) laywood, (c) acrylonitrile 

butadiene styrene (ABS), (d) nylon. The error bar represents the coefficient of 

variation over three measurements. 
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Figure 4 compares the emission rates given in Table 3 for the different filament 

types as the temperature increased. Slightly different slopes were observed for the 

different filament types, but the emission rates tended to be proportional to the 

temperature over the tested temperature range. Laywood had a relatively high 

emission rate over the tested temperature range, while ABS, PLA, and nylon had 

relatively low emission rates (Figure 4). The differences in emission rates for the 

different filament types was relatively large in the low temperature range (e.g., 

215–245°C), but the differences decreased as the temperature increased and the 

emission rates were almost the same at the highest tested temperature of 290°C. 
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Figure 4. Emission rates for different filament types (acrylonitrile butadiene 

styrene (ABS), polylactic acid (PLA), laywood, and nylon) at various operating 

temperatures. The circles on the lines indicate the emission rate at the 

manufacturer-recommended operating temperature. 
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3.4. Concentration of particles emitted before printer 

operation 

In figure 5–8, particle concentration during before printing phase (phase 1) and 

during printing phase (phase 2) were measured by CPC. Before the printing started, 

it took 1−2 min to heat the nozzle. In this moments (1−2 min), the foreparts of 

filament bounded with nozzle were heated up longer than other parts of filament 

and melted before the printing started. Affected by heat during pre-heat period, few 

parts of filament melted early from the nozzle. 

To investigate the high concentration of early stage from the effect of 

temperature of pre-heat period, measurements were conducted only at pre-heat 

stage not including printing phase. For measurement of particles emitted from the 

pre-heat stage which takes about 1−2 min, CPC with 1 sec intervals was used.  

In figure 5, particles emitted from unstable filaments during pre-heat period are 

measured. Before printing started, at pre-heat period, the peak of particle 

concentration is shown just after the pre-heat stage.  

In figure 5 (a), unstable filaments melted by effect of the temperature from the 

heating nozzle are shown. From this parts of filaments during pre-heat period, it 

measured 10,900 particles/cm3 by CPC at ABS 245℃ condition. It took few 

seconds delay to be measured. Before printing phase, at heating stage, the nozzle is 

heated by setting temperature during pre-heat period. In this period, effect of 

temperature, unstable filament is melted by effect of the temperature from the 

heating nozzle. 
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(a)  

 

(b)  

Figure 5. Particle concentration during before printing phase. (a) Particles 

emitted before printing phase measured by CPC. (b) Melted filaments emitted from 

heating nozzle. 
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In printing stage including the pre-heat stage at ABS 245℃, figure 6 showed the 

highest peak at the early stage of the printing which is the sum of the unstable state 

of particles from before printing and stable state of particles from printing phase. 

At initial part, particles emitted from pre-heat period was added at printing period 

together. Few minutes later after printing started, it gradually decreased to a lower 

level because particles emitted during printing phase are relatively stable. 
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Figure 6. Particles concentration during printing phase. 
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In figure 7, final peak is shown same with initial peak at laywood and Nylon 290℃. 

Same with initial peak, at the end of printing, particles at the end of the printing was 

higher than during the previous printing period. Differ from the stable printing phase, 

the emission rate at the end of the printing was higher than during printing period.  

For the initial and final stage of printing, unstable state of filaments came out of 

nozzle and it measured with peak. As a results, initial peak and final peak of the 

printing affected by unstable state of filaments affected by the nozzle temperature. 

In the same way of initial peak, at the end of printing, unstable filament came out 

of the nozzle and the particles measured higher than during printing with stable 

filaments. In common, over the manufacturer-recommended temperature condition, 

nozzle affected by high temperature making states of filament unstable.  
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Figure 7. High emission rates from initial and final peak. 
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At different temperature, in common, parts of filament at heating stage were 

increased as temperature increases. Particles of early stage of printing increased as 

the temperature of printing increased. In figure 3, in all filaments, initial 

concentration is increased as temperature increases. Under the condition of 

manufacturer-recommended temperature, the particles emitted during 3D printing 

are not shown. 

At same temperature particle concentrations could be different by amount of 

melted filaments. In figure 8, comparison of particles emitted from different length 

are shown. In same condition of temperature, time of pre-heating or condition of 

filaments are little bit different. With this assumption, we assessed the particles 

from the pre-heat period by the comparison of the different length of the filaments. 

Particles at 5 cm of the filaments, highest concentration was measured 10,100 

particles/cm3, 13,400 particles/cm3 at 10 cm and 14,600 particles/ cm3 at 15 cm at 

each.  
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        (a) 

 

   

(b)       (c)      (d) 

Figure 8. Comparison of particle concentration from different length. (a) 

Particle concentrations of different length of filaments. (b) 5cm filaments.  

(c) 10cm filaments. (d) 15cm filaments. 
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4. Discussion 

 

In this study, the effect of temperature on the emission rate of particulate matter 

at various temperatures (manufacturer-recommended operating temperature ± 

30~40°C) from different filament materials was evaluated during 3D printing. We 

confirmed that the emission rate was influenced not only by filament type but also 

by temperature. As the temperature increased, the emission rates of particles during 

3D printing increased for all filament types. 

Compared to previous studies of particle emission rates in relation to 

temperature (Deng et al., 2016; Kwon et al., 2017; Yi et al., 2016; Azimi et al., 

2016; Stephens et al., 2013; Stabile et al., 2017; Steinle, 2016), we systematically 

tested the effects of temperature to prove its effect on emission rate using different 

filament types. Given that the emission rate increased as the temperature increased, 

and was also dependent on the filament type, manufacturers should recommend 

low-emission filaments, while reducing the range of possible operating 

temperatures. Emission rate peaks were rarely observed at the beginning of the 

printing period at temperatures lower than the manufacturer-recommended 

operating temperature. This suggests that lowering the temperature as much as 

possible is a good solution to reduce particle emissions, so long as it does not affect 

the final product. Printing using laywood and nylon did not work well at 

temperatures lower than those recommended by the manufacturers, but for PLA 

and ABS, the desired objects could be printed satisfactorily at temperatures lower 

than those recommended by the manufacturers.  
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In a previous study, we classified filaments as high, medium, and low emitters 

depending on the particulate matter emission rates (Kwon et al., 2017). Nylon was 

classified as a high emitter (defined by an emission rate > 1011 particles/min), ABS 

was classified as a medium emitter (defined by an emission rate of 109 to < 1011 

particles/min), and laywood and PLA were classified as low emitters (defined by 

an emission rate < 109 particles/min) (Kwon et al., 2017). In this study, laywood, 

ABS, and nylon could be classified as medium emitters and PLA as low emitters at 

the manufacturer-recommended operating temperature. With respect to the 

previous study, laywood changed from a low to medium emitter, while nylon 

changed from a high to medium emitter. The reason for this was not clear. It is 

possible that, although the filaments were the same as those used previously, their 

composition differed between batches. Moreover, the nylon products were semi-

translucent in the previous study, but white in this study. We interviewed the 

filament manufacturer, who confirmed that the components could differ among 

product batches, even for those with the same brand name. 

It has also been reported that emissions could differ according to color of the 

filament material because of the use of additives to produce colored materials (Yi 

et al., 2016). It is also possible that bed temperature could affect the emission of 

particles, although emissions were found to be largely unaffected by bed 

temperature in a previous study (Kwon et al., 2017). When using laywood, 

experiments were performed at a bed temperature of 60°C in the previous study 

compared to 90°C in this study, and when using nylon, a temperature of 90°C was 

used in the previous study, while room temperature was used in this study. 
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In this study, nanoparticle emissions were highest at the initial stage of printing, 

and then gradually decreased, although concentrations remained higher than the 

background level. Many studies have reported similar particulate matter emission 

patterns (Kwon et al., 2017; Azimi et al., 2016; Vance et al., 2017), in some cases, a 

high emission peak was also observed in the final stages of printing. For example, 

there was a high peak in the particle emission rate from nylon at 290°C during the 

final few minutes of printing (Figure 2). In previous study, it assumed that particle 

growth resulting from particle coagulation and condensation of vapors. Initially, 

particles are in the size rage of 40 to 80 nm in diameter. Over time, the particles 

emitted from the printer interact with particles generated earlier, and along with 

vapors continually being generated in the chamber by the printer, results in an 

increase in diameters to 100 to 250 nm (Davis et al., 2016). Results from our study, 

we conclude that unstable state of filaments occurred with peak at the initial and 

final stages of printing. Unstable state of filaments during pre-heat operation or end 

of the printing affected additional emission of particles.  

As a result of this study, temperature is a crucial factor that affect emission rates 

and initial peak of particles. From the results of this study, we are able to make 

recommendations for the safe use of 3D printers. First, printing at temperatures as 

low as possible, while maintaining a reasonable quality, is recommended. Our 

results for PLA and ABS showed that an object could be printed well at 

temperatures lower than the manufacturer-recommended operating temperature, 

and printing at this low temperature could reduce particle emissions. For all 

materials, the selection of a low-emission printer should also be considered. 
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Manufacturers should develop low-temperature systems for low-emission printers 

to reduce exposure to nanoparticle emissions. For instance, the use of a 3D printer 

equipped with an enclosure, local exhaust ventilation, and air filtering systems was 

recommended in a previous study (Kwon et al., 2017). Finally, when printing in 

office environments, hazardous materials and particulates can be emitted (Yi et al., 

2016; Afshar-Mohajer et al., 2015; Stephens et al., 2013; Steinle, 2016; Vance et 

al., 2017; Du et al., 2018; Ryan et al., 2016; Yang et al., 2018), therefore, the 

installation of ventilation or filtering systems should be considered. 
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5. Conclusions 

 

In this study, particles emitted during 3D printing under the various temperature 

from 185℃ to 290℃ with four filament materials were evaluated. And initial 

concentration occurred just started printing were investigated. The number 

concentration of particles, emission rates and initial concentration were all increased 

as the operation temperature increased. In common, initial peak are shown at just 

after printing started. Under the condition of low temperature, initial peak are not 

shown. Therefore, it is necessary to use the 3D printer with as low temperature as 

possible.  

Out results can be used to evaluate emission rates of 3D printer by increased 

temperature with different filament materials and to investigate of initial peak. For 

calculating of emission rate, standard method considering proper factor should be 

considered. In priority, low-temperature systems for low-emission printers to reduce 

exposure to nanoparticle emissions should be developed and the safety guidelines 

for 3D printer user should be considered.  
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국문초록 

 

3D 프린터 가동 중 온도조건에 따른 입자상 물질 발생량변화 

및 초기 고농도 발생 특성 

 

전 혜 준 

서울대학교 보건대학원 

환경보건학과 산업보건전공 

 

지도교수 윤 충 식 

 

연구배경: FDM 방식의 3D 프린터는 대중들에게 빠르게 보급되고 있다. 

프린팅 과정 중 고온 조건에서 열가소성플라스틱을 가열함에 따라 가스

상과 입자상 물질을 포함하여 다양한 유해물질이 발생한다. 기존 연구에 

따르면 출력 온도가 높아짐에 따라 입자 발생량은 증가하는 경향을 보이

고, 프린팅 시작 후에 입자 발생량이 급격히 증가하였다가 점차 감소하

는 양상을 보인다. 그러나 온도 조건이 입자 발생에 미치는 영향에 대한 

연구가 부족하고, 초기 고농도 현상에 대한 원인 규명이 이루어지지 않

았다. 때문에 이번 연구를 통하여 다양한 재료를 사용하여 3D 프린터 

가동 중 입자 발생에 온도 조건이 미치는 영향에 대해 평가하고, 초기 

고농도 현상에 대한 원인을 규명 한다. 
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연구방법: 프린팅 전 과정에서 네 종류의 필라멘트를 사용, 다양한 온도

조건에서의 입자 수 농도 측정은 SMPS와 OPS를 사용하여 노출 챔버에

서 진행되었다. 출력 온도 조건은 제조사 권장 온도를 포함하여 185도부

터 290도 범위에서 15도씩 단계적으로 증가하며 입자 발생량은 세 가지 

식을 통해 산출되었다. 프린팅 시작 전 가열 과정을 포함하여 프린팅 초

기의 입자 발생 측정을 위해서는 짧은 간격의 CPC를 사용하였다. 

결과: 프린팅 과정 중 입자 발생량은 모든 필라멘트 종류에서 온도가 증

가함에 따라 점진적으로 증가하였으며, 필라멘트 종류 다음으로 출력 온

도가 입자발생량에 영향을 미치는 가장 중요한 요소였다. 모든 종류의 

필라멘트에서 가장 낮은 출력온도일 때 입자 발생량은 107~109 

particles/min 수준이었으며, 가장 높은 출력온도에서는 1011 

particles/min 수준으로, 가장 낮은 온도에서의 입자 발생량 보다 

100~10,000 배 더 높았다. 프린팅 전 고온으로 가열되는 노즐에서 발

생한 불안정한 상태의 필라멘트에서 발생한 입자가 프린팅 시작 직후 초

기 고농도현상에 영향을 미친다.  

결론: 본 연구에서 네 종류의 필라멘트를 사용하여3D 프린팅을 진행하

였을 때 온도가 증가함에 따라 초기 농도와 입자 발생량이 모두 증가하

였다. 입자 발생량을 줄이기 위하여 입자 발생량이 적은 재료를 사용, 

되도록 가장 낮은 온도에서의 출력을 권장한다. 

주요어: 3D 프린터, FDM 방식, 나노 입자, 입자 발생, 미세 입자 

학번: 2017-24140 
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Appendix 

 

  

  

 

 

Appendix 1. Time-varying emission rates during printing at various temperatures 

with different filament materials not shown at Figure 3: (a) polylactic acid (PLA), 

(b) laywood, (c) acrylonitrile butadiene styrene (ABS), (d) nylon. The error bar 

represents the coefficient of variation over three measurements. 
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Appendix 1 shows the time-varying emission rates of phase 2 (during operation) 

for the four filament types not shown at Figure 3. 

The emission rates in some cases did not show an initial high peak (for PLA at 

185–245°C, ABS at 215–230°C, and laywood at 215°C), which was observed 

under conditions below the manufacturer-recommended operating temperature. 

Initial peak are shown at negligible level, below the manufacturer-recommended 

temperature, effect of heating nozzle was relative low and particles measured at a 

low level. 

In some cases, such as at 215°C–230°C for PLA and 230°C for ABS, the emission 

rate at the end of the printing was higher than during the previous printing period. 

  



  

- 46 - 

 

Appendix 2. Emission rates from different filament types (acrylonitrile 

butadiene styrene (ABS), polylactic acid (PLA), laywood, and nylon) at the 

manufacturer-recommended operating temperature and at 290°C.  
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Appendix 2 shows a comparison of emission rates on a logarithmic scale at the 

manufacturer-recommended operating temperature and at 290°C, which was the 

highest operating temperature.  

The ranking of emission rates at the manufacturer-recommended operating 

temperature and at 290°C differed among filaments. At the manufacturer-

recommended operating temperature, ABS had the highest emission rate, followed 

in order by nylon, laywood, and PLA. At 290°C, laywood had the highest emission 

rate, followed by ABS, PLA, and nylon.  

For PLA and laywood, at the manufacturer-recommended operating temperature 

of 215°C, the average emission rates were 3.35 × 108 and 2.39 × 109 particles/min. 

For, ABS and nylon, at the manufacturer-recommended operating temperature of 

245°C, the average emission rates were 1.50 × 1010 and 4.10 × 109 particles/min, 

respectively. Therefore, the emission rate differed by filament type at the 

recommended operating temperature.  

At 290°C, laywood had the highest emission rate of 2.83 × 1011 particles/min, 

followed by 2.41 × 1011 particles/min for ABS, 1.91 × 1011 particles/min for PLA, 

and 1.22 × 1011 particles/min for nylon. At the same operating temperature of 

290°C, emission rates differed markedly by filament type. 
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