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A B S T R A C T   

Fused filament fabrication (FFF) is a material extrusion-based technique often used in desktop 3D printers. 
Polymeric filaments are melted and are extruded through a heated nozzle to form a 3D object in layers. The 
extruder temperature is therefore a key parameter for a successful print job but also one of the main emission 
driving factors as harmful pollutants (e.g., ultrafine particles) are formed by thermal polymer degradation. The 
awareness of potential health risks has increased the number of emission studies in the past years. However, 
studies usually refer their calculated emission data to the printer set extruder temperature for comparison 
purposes. In this study, we used a thermocouple and an infrared camera to measure the actual extruder tem-
perature and found significant temperature deviations to the displayed set temperature among printer models. 
Our result shows that printing the same filament feedstocks with three different printer models and with identical 
printer set temperature resulted in a variation in particle emission of around two orders of magnitude. A tem-
perature adjustment has reduced the variation to approx. one order of magnitude. Thus, it is necessary to refer 
the measured emission data to the actual extruder temperature as it poses a more accurate comparison parameter 
for evaluation of the indoor air quality in user scenarios or for health risk assessments.   

1. Introduction 

Fused filament fabrication (FFF) is a well-established additive 
manufacturing technique often applied in small-scale desktop 3D 
printers. Since the last decade, 3D printing has attained more and more 
popularity among hobbyist and semi-professionals for the use as home 
fabrication devices, for educational purposes or for rapid prototyping in 
small and medium-sized enterprises. In FFF, a thermoplastic filament is 
extruded through a heated nozzle head in order to build a 3D object 
layer by layer on a printing bed. In practice, the extrusion temperature is 
above the melting point or the glass transition temperature for crystal-
line or amorphous polymers, respectively. Thus, thermal degradation 
and formation of ultrafine particles (UFP; particle diameter of 100 nm or 
less) occur which are generally released indoors during a 3D printing 
process (Stephens et al., 2013; Kim et al., 2015; Deng et al., 2016; Yi 
et al., 2016; Azimi et al., 2016; McDonnell et al., 2016; Steinle, 2016; 
Mendes et al., 2017; Floyd et al., 2017; Kwon et al., 2017; Stabile et al., 
2017; Vance et al., 2017; Zhang et al., 2017; Seeger et al., 2018; Gu 
et al., 2019; Poikkimäki et al., 2019; Beisser et al., 2020; Jeon et al., 
2020; Katz et al., 2020; Secondo et al., 2020; Dunn et al., 2020; 

Sittichompoo et al., 2020; Alberts et al., 2021; Viitanen et al., 2021; 
Dobrzyńska et al., 2021; Chýlek et al., 2021; Bernatikova et al., 2021; 
Stefaniak et al., 2021; Manoj et al., 2021; Tang and Seeger, 2022; 
Romanowski et al., 2022; Saliakas et al., 2022). These findings raised the 
awareness, as UFP exposure has been reported to increase the risk of 
adverse health effects (Oberdörster et al., 1995, 2004, 2005; Hong and 
Jee, 2020; Schraufnagel, 2020). Since the pioneer emission study of 
Stephens et al. (2013) this research topic has been largely expanded. 
However, an objective comparison of emission data within previous 
studies seems difficult due to the multiplicity of different scientific ap-
proaches including varying measurement setups, diverse filament ma-
terials and printer brands, variation in printer settings and printed 
objects, and different calculation basis of assessment parameters. Hence, 
a basis for comparison can only be created by a systematic character-
ization of emission influencing factors in conjunction with filament 
materials and printer hardware. To determine the filament-specific 
emission, we proposed a standard test method which puts emphasis on 
filament materials and minimizes bias from printer hardware and set-
tings (Tang and Seeger, 2022). The printer hardware related emission, 
however, is more challenging to characterize because of the numerous 
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existing hardware designs and setting options. Azimi et al. (2016) and 
Zhang et al. (2017) had already pointed out that the emission is influ-
enced by the printer brand. Studies have shown that overheating of the 
feedstock is one of the main emission factors as degradation of ther-
moplastics is temperature driven. Increasing the extruder temperature 
for a given filament generally enhances the particle emission as stated in 
many studies (Azimi et al., 2016; Deng et al., 2016; Mendes et al., 2017; 
Kwon et al., 2017; Stabile et al., 2017; Zhang et al., 2017; Seeger et al., 
2018; Gu et al., 2019; Jeon et al., 2020; Poikkimäki et al., 2019; Tang 
and Seeger, 2022). Our previously published results suggest that even a 
temperature increase by only 5 ◦C elevates the particle emission level 
(Tang and Seeger, 2022), hence the temperature setting is a crucial 
parameter for the investigation and intercomparison of emission data. 
We like to point out here that overheating can occur if the user 
intendedly choses the wrong setting or unintendedly due to a systematic 
deviation between setting and actual extruder temperature. 

The extruder temperature (also referred to as nozzle temperature in 
some studies) is set by the printer’s control hardware or software. It is 
normally measured by a built-in temperature sensor which is positioned 
next to a heating cartridge and inserted in a heating block. The nozzle is 
bolted on the bottom of the heating block (see Fig. S1 in Supplementary 
data). So, strictly speaking, the sensor measures the temperature of the 
heating block and not the actual extruder temperature. The heat transfer 
to the nozzle depends on the thermal conductivity and specific heat 
capacity of the heating block and nozzle material. Offsets and temporal 
deviations between set extruder temperature and actual extruder tem-
perature are possible. These depend on the printer’s temperature control 
and the measurement uncertainty of the built-in sensor. We expect that 
across the market of commercial low- and mid-price FFF-3D printer 
substantial systematic deviations between set temperatures and actual 
extruder temperatures will occur. This may systematically bias the 
comparison of results from previous emission studies, e.g., 50 FFF-3D 
printing publications were discussed in the review article from Roma-
nowski et al. (2022), as these generally refer to the set temperatures 
rather than to the actual extruder temperatures at which a filament 
material is operated. In addition, an incorrect temperature setting may 
lead to exceeding the manufacturer temperature recommendation for a 
filament and hence could influence the derived health risks for users. 
Despite the fact that extrusion temperature is in the literature often 
regarded as a main emission driver, we are not aware of any study 
focusing on the above-mentioned problem. This motivated us to mea-
sure actual extruder temperatures at different low- and high tempera-
ture settings for a selection of printers and materials. For temperature 
measurements we chose infrared thermography (Dinwiddie et al., 2014; 
Seppala and Migler, 2016) which recorded the spatial and temporal 
temperature profiles through thermal imaging and thermocouple sensor 
which recorded the temporal temperature profiles at nozzles during 
operation. We examined different influencing factors, e.g., filament 
type, nozzle, and heating block material, which may affect the temporal 
and spatial temperature distribution. 

This investigation aims to present a robust method for measuring the 
actual extruder temperature. This helps users to avoid overheating the 
feedstock and may enable unbiased comparison of emissions from 
different printer models and feedstocks in indoor air quality and health 
risk assessments. 

2. Materials and methods 

2.1. Printers and filaments 

Three FFF-3D printers with different technical features were used. 
The Craftbot 2 (abbr. CB2, Craftbot Ltd, Hungary) was already used in 
our previous study (Tang and Seeger, 2022). Its cover hood with a 
built-in HEPA filter was removed during emission testing. A MK8 brass 
nozzle (M6 threading size, 5 mm threading length) with an output 
diameter of 0.4 mm was applied. The operating temperature range is 

180–260 ◦C and 50–110 ◦C for extruder and printing bed, respectively. 
The Creatbot F160 Peek (abbr. CP, Henan Creatbot Technology 

Limited, PRC) utilizes two different hotends for specific temperature 
ranges. The low temperature hotend (aluminum heating block) and a 
MK8 brass nozzle (abbr. CP(L-B)) is sufficient for the standard temper-
ature range between 180 and 260 ◦C. The printer is originally designed 
for printing industrial polymers such as PEEK, PEKK or PEI at higher 
temperatures of up to 420 ◦C. In this case, the high temperature hotend 
(brass heating block) in combination with MK8 hardened steel nozzles 
(abbr. CP(H–S)) are installed. The printer is fully enclosed in a housing, 
consisting of a metal frame and polycarbonate panes. The printing bed 
can be heat up to 150 ◦C and a built-in heater maintains the interior 
housing temperature at a maximum of 70 ◦C. For emission testing, the 
housing lid was dismounted, and the interior heater was turned off. 

The Anycubic i3 Mega S (abbr. AnyM, Shenzhen Anycubic Tech-
nology Co., Limited, PRC) operates within the standard temperature 
ranges of 180–260 ◦C for the extruder and up to 110 ◦C for the printing 
bed. This printer utilizes E3D V6 brass nozzles (M6 threading size, 7.5 
mm threading length, smaller nozzle head than MK8). AnyM is not 
equipped with an enclosure which impedes the heating up of the 
printing bed inside the testing chamber under active air circulation. Due 
to this fact, we decided to limit the maximum printing bed temperature 
to 80 ◦C during emission testing. The emission from the printing bed is 
expected to be negligible (Tang and Seeger, 2022). 

While the particle emission from extrusion of a polymeric filament 
material is expected to be the dominant contribution, the printer hard-
ware also contributes. Due to different technical features of the tested 
printers, we expected hardware emissions at different levels. This so- 
called printer blank is unavoidable due to release of particles from 
heated components (e.g., hotend, printing bed) but should ideally be 
negligible or at least constant at a low level in order to make a printer 
suitable as a reference printer for filament emission tests. To investigate 
this, the printer emissions from AnyM, CB2 and CP(L-B) were measured 
at their respective maximum testing temperatures without inserting a 
filament (in Section 3.4). 

All printers are compatible with 1.75 mm diameter filaments. Three 
common polymers ABS, PLA and PETG and a copper-filled PLA were 
chosen to examine the extruder temperature during operation (Table 1, 
measurement T). Based on the experiences from our last emission study 
(Tang and Seeger, 2022), four filaments - two PLA and two ABS products 
which cover three orders of magnitude in total number of emitted par-
ticles TP (TP: 109-1011) with good repeatability - were selected for 
emission testing (Table 1, measurement E). 

2.2. Strand printing method (SPM) 

SPM was applied in this study as a standard printing procedure. In 

Table 1 
Selection of filaments (TP data reference from Tang and Seeger (2022)). E: 
Emission and T: Temperature.  

Filament Product Measurements TPMean 

[-] 
RSD 
[%] 

BIO-S-02 Extrudr, GreenTEC Black 
(PLA) 

E 2.8⋅109 3.7 

PLA-P-B- 
01 

filamentworld, PLA PLUS 
Blau (Blue) 

E 1.3⋅1010 8.4 

ABS-T-01 filamentworld, ABS 
Glasklar (Transparent) 

E 4.1⋅109 21.4 

ABS-W-01 filamentworld, ABS 
Schneeweiβ (White) 

E/T 3.2⋅1011 16.0 

PLA-W-01 filamentworld, PLA 
Schneeweiβ (White) 

T – – 

PETG-S-01 filamentworld, PETG 
Schwarz (Black) 

T – – 

MF–CO–03 ColorFabb, CopperFill 
(PLA) 

T – –  
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SPM, the filament is extruded at a constant rate over time for a defined 
volume or length and is deposited on the printing bed without printing a 
3D object. A detailed description can be found in Tang and Seeger 
(2022). Individual SPM G codes, i.e., standardized printer commands, 
were developed for each printer model because of technical differences 
in hardware and software (see examples in Supplementary data 
Figs. S2–4). The comparability was ensured as the total extruded fila-
ment length remains at 800 mm with a maximum deviation of 5% for 
every printer model and filament combination (see Fig. S5 in Supple-
mentary data). 

2.3. Temperature measurements 

Two different methods were applied to determine the extruder 
temperature. A thermocouple (BB ML NL500 1.0, NiCr–Ni type K, B + B 
Thermo-Technik GmbH, Germany) with a diameter of 1 mm was directly 
inserted into the nozzle with good thermal contact to the inner nozzle 
surface. It measures the temperature very close to the nozzle outlet, 
representing approximately the actual polymer temperature when 
exiting the nozzle (see Fig. S1). The sensor’s temperature range is be-
tween − 200 ◦C and 1100 ◦C at an uncertainty of ±1.5 K or ±0.004*T in 
accordance with DIN EN 60584 class 1. The thermocouple was con-
nected via an Almemo® connector (ZA 9020 FS) to an Almemo® 2590 
data logger (Ahlborn Mess-und Regelungstechnik GmbH, Germany). 
The data recording frequency was 0.5 Hz. While the thermocouple 
enabled temperature measurements in the empty nozzle only, surface 
temperature measurements of the heated empty nozzle as well as of the 
filled nozzle during extrusion of a filament could be made additionally 
by means of infrared thermography. The thermograms allow time 
dependent temperature point evaluations as well as the evaluation of 
temperature line profiles on the nozzle surface. 

An infrared camera (VarioCam HR, InfraTec GmbH Infrarotsensorik 
und Messtechnik, Germany) with a 30 mm lens and an additional close- 
up lens was used for thermal imaging. The camera covers a spectral 
range from 8 to 14 μm and has calibrated temperature ranges for − 40 to 
+120 ◦C, 0 to +300 ◦C and +100 to +600 ◦C. The optical resolution is 
640 x 480 pixel, and the noise equivalent temperature difference 
(NETD) is 30 mK at 30 ◦C. The measurement uncertainty is ±1.5 K or 
±0.015*T for temperature above 100 ◦C. For a better temperature 
measurement precision, the nozzle surface was coated with paint 
(Tetenal Camera Paint Spray Black deep-matt, Tetenal 1847 GmbH, 
Germany) in order to achieve a defined emissivity of 0.93 ± 0.02 (see 
Fig. S6 in Supplementary data). The camera was positioned as close to 
the nozzle as possible in order to monitor the heating up to the set 
temperature (see Fig. S7). The printing bed was kept unheated. All 
measurements were carried out in a climatic room (T = 23 ◦C ± 2 K, RH 
= 42% ± 7%). The data were recorded at 2 Hz and were evaluated with 
the thermographic software IRBIS Professional 3.1.80. 

2.4. Emission test chamber 

The printers were tested inside a 1-m3 emission test chamber which 
complies with the standard ISO 16000-9:2006 and the basic criteria of 
the DE-UZ-219 guideline (Blauer Engel, 2021). The climate condition 
maintains at T = 23 ◦C ± 2 K and RH = 50% ± 5%. Filtered and particle 
free clean air is supplied at an exchange rate of 1 h− 1. The chamber 
operates with a slight overpressure to prevent contamination from 
outside. Particle measuring instruments were positioned next to the 
chamber and aerosol sampling tubes were connected via ducts. 

2.5. Particle measurement and data evaluation 

A condensation particle counter (CPC, model 3775, TSI Inc., USA) 
measured the total particle number concentration (TPNC) in the size 
range from 4 to 3000 nm. The lower particle concentration limit (LLOD) 
is approximately 0.1 cm− 3. Prior to each measurement, a background 

TPNC of less than 100 cm− 3 in the chamber was ensured by clean air 
ventilation. Particle number size distributions (PNSD) were scanned by 
an aerosol spectrometer (EEPS™, model 3090, TSI Inc., USA) in the size 
range of 5.6–560 nm. Additionally, an optical particle size spectrometer 
(OPSS, model 1.108, GRIMM Aerosol Technik Pouch GmbH, Germany) 
monitored a possible contribution from the size range between 0.3 and 
20 μm to the TPNC, which was in all measurements negligible and hence 
not considered for further evaluation. EEPS™ and CPC recorded the 
TPNC at 1 Hz and the OPSS operated at 1/6 Hz. 

From the CPC data the evaluation parameter TP (Total number of 
emitted particles) was calculated in accordance with DE-UZ-219 and as 
outlined briefly below. TP represents the time integral of the particle 
emission rate during a print job with consideration of particle losses in 
the chamber because of air exchange, wall adhesion and other loss 
mechanisms. It can be assumed in accordance with previous results that 
during the short period of strand extrusion (approx. 12 min) no relevant 
agglomeration and coagulation of particles occur (Tang and Seeger, 
2022). Therefore, the particle loss is depicted in a simplified manner by 
the decrease in TPNC after the stop of printer activities, i.e., stop of 
emissions. The particle loss constant β is defined in equation (1), where 
C1 and C2 are the corresponding TPNCs at times t1 and t2, respectively, 
taken after the emission has stopped, i.e., after stop of printing. 

β=
ln

(
c1/c2

)

t2 − t1
(1) 

The parameter TP is calculated according to equation (2): 

TP=VC

(
ΔCP

tstop − tstart
+ β • CAV

)
(
tstop − tstart

)
(2) 

With the chamber volume VC and tstop − tstart marking the period 
between start of heating up and the end of printing. ΔCP is the difference 
in TPNC and CAV is the arithmetic mean of TPNC between tstop and tstart. 

3. Results and discussions 

3.1. Temperature measurement of empty nozzles by thermocouple and 
infrared camera 

At the respective printer set temperatures the nozzle temperatures 
were measured by the thermocouple and by the infrared camera as 
described above. In Fig. 1, thermograms of the four empty printer- 
hotend combinations in steady state after heating up to the same set 
temperature of 230 ◦C are shown. The yellow lines, labelled as “L3′′, 
represent the surface temperature line profiles. Significant temperature 
differences between the tested printers and deviations to the set tem-
perature could be observed. The temperature line profiles (L3) are 
compared in Fig. 2. All nozzles revealed a surface temperature decrease 
between inlet and outlet of approximately 10 K. The subsequent sharp 
temperature drops mark the end of the nozzle tips. One printer (AnyM) 
shows an actual nozzle temperature above the set temperature, for the 
other printers the set temperature overestimates the actual nozzle 
temperature. (For a correct interpretation of Figs. 1 and 2 it has to be 
noted that the length of the AnyM nozzle is shorter than that of the other 
nozzles: AnyM: 5 mm; CB2: 8 mm; CP(L-B) and CP(H–S): 8 mm, see 
Fig. S6). The points labelled as “P2” in the thermograms in Fig. 1 indi-
cate the positions at which the nozzles surface temperatures close to the 
measuring point of the thermocouple are evaluated. 

3.2. Measurement of systematic deviations between set temperature and 
nozzle temperature 

The set extruder temperatures for the three printers were increased 
stepwise within the individual operating ranges from 180 to 260 ◦C and 
for the CP(H–S) from 180 to 420 ◦C in 10 K increments (see Fig. 3). The 
temperatures of the empty nozzles were measured by a) the 

C.-L. Tang et al.                                                                                                                                                                                                                                 



Atmospheric Environment: X 18 (2023) 100217

4

thermocouple in the nozzle and b) by infrared thermography at the P2 
position, as described above. Typical PID (proportio-
nal–integral–derivative) temperature control patterns were recorded for 
all tested printers. After an overshoot, the amplitudes show a damped 
oscillation until converging to the set point. CP has two hotend combi-
nations as recommended by the manufacturer: a low temperature 

hotend with brass nozzle (L-B) and a high temperature hotend with 
hardened steel nozzle (H–S). Interestingly, CB2 and AnyM showed su-
perior PID control compared to CP(L-B) when using brass nozzles as 
temperatures converge and reach a steady level in less than 60 s. CP(L- 
B), on the other hand, initially seems to have a suboptimal control 
setting as the temperature oscillates with approx. 2.5 K maximum am-
plitudes. However, the oscillation is noticeably lower when the high 
temperature hotend with hardened steel nozzle was used instead. Fig. S8 
in the Supplementary data indicates that the hotend material has a 
greater influence on the PID performance than the nozzle material 
showing a convergence to set point at a quicker pace. It should be noted 
that the heating block of the high temperature hotend is made of brass 
whereas the low temperature heating block is made of aluminum. In 
general, aluminum has larger thermal diffusivity compared to brass, 
resulting in faster thermal heat uptake and transfer. The PID controller 
was probably primarily programmed for a brass hotend, since the 
printer’s standard setting is for PEEK which normally requires a tem-
perature above 380 ◦C. 

The temperatures over time from the thermocouple and the infrared 
camera corresponded well for AnyM but indicate constantly lower IR 
temperatures of approximately 6 K for CB2 and 3 K for CP(L-B). On the 
one hand, this is within the measurement uncertainty of both in-
struments (e.g., at 260 ◦C the expanded measurement uncertainty is U =
6.05 K for infrared camera and U = 1.20 K for thermocouple with a 
coverage factor of k = 2; see Supplementary data). On the other hand, 
we suggest that the difference in nozzle head geometry (AnyM: length =
5 mm, width = 7 mm; CB2: length = 8 mm, width = 8 mm; CP: length =
8 mm, width = 6 mm; see Fig. S6 in Supplementary data) is responsible 
for this discrepancy. Larger surface area and wall thickness may increase 
the cooling effect by convective heat loss on the outer nozzle surface, 
hence resulting in lower temperatures as seen by the infrared camera. 
The same was observed for CP(H–S) heated up to approx. 290 ◦C. Above, 

Fig. 1. Steady state thermograms of empty nozzles with printer’s set temperature at 230 ◦C. Locations of temperature point measurements (P2), temperature line 
profiles (L3, yellow lines) and the nozzle inlet are marked. Note: The nozzle length of the AnyM printer is shorter than that of the other printers. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Nozzle surface temperature line profiles (yellow lines (L3) shown in 
Fig. 1) for the investigated printers at set extruder temperature TE,Set = 230 ◦C 
(red dotted line). Printer CP was measured with two different hotend and 
nozzle types. (Note: The AnyM nozzle length is 5 mm only.). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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the infrared camera values exceeded the thermocouple temperatures. 
This could be a result from the camera calibrations in the two used 
operating ranges (0–300 ◦C and 100–600 ◦C). 

For all three printers, the temperature measurements consistently 
revealed a substantial deviation from the printer’s set temperature. 
Taking the thermocouple as the reference, the actual extruder temper-
atures of CB2 were in average 6 K–12 K below the set value. ΔT slightly 
increases with the set temperature. The same was observed for CP(L-B), 
the actual extruder temperatures were in average 11 K–16 K below the 
set temperature. AnyM, on the other hand, has actual extruder tem-
peratures well above the set values, the ΔT average was about 11 K–14 K 
and did not increase with the set temperature. For a typical printer 
setting at 230 ◦C for example, the printer AnyM has an actual extruder 
temperature of 244 ◦C while CB2 has 221 ◦C and CP(L-B) has 216 ◦C. 

It can be concluded from our findings, that great care must be taken 
in comparing emission results even when the same filament is operated 
on different printer hardware and with the same set temperature. Even 
in this case, the actual nozzle temperatures may differ and hence in-
fluence the resulting emission levels to a large extend. This will be dis-
cussed in the next section. Moreover, the quality of a printed object is 
also influenced by an accurate setting of the extruder temperature. Our 
results indicate that printing an object on two printers at the same set-
tings, namely the same set temperature, but with different ΔT between 
set temperature and nozzle temperature may result in different object 
quality. 

To examine a real printing scenario, the extruder temperature was 
measured with the infrared camera during strand extrusion using printer 
CB2. This printer reveals extruder temperatures below the set temper-
ature. During extrusion of all tested filaments only minor temperature 
increase was measured at P2 (PLA-W-01: 3 K, PETG-S-01: 2 K, 

MF–CO–03: 3 K, ABS-W-01: 4 K) (see Fig. S9). This increase may be a 
result of the heat transfer from the molten filament material to the 
nozzle outlet (see Fig. S10). It can be concluded that also in the case of 
filament extrusion the temperature deviation between printer setting 
and nozzle is existent. 

3.3. Extrusion temperature adjustment 

It can be assumed that for a given filament, operated at different 
printers, the particle emission levels will be much closer together if the 
actual extruder temperatures were the same. Hence, for emission 
testing, we consider the determination of offsets between set tempera-
tures and extruder temperatures as a necessary step in order to adjust all 
printers under test to the same extrusion temperatures. Adjusted 
extruder temperature settings can be calculated using the data from 
Fig. 3 in the previous section. A linear correlation between set temper-
atures and actual extruder temperatures was established for each printer 
within its temperature operating range. For this purpose, the arithmetic 
means of the temperature plateaus, measured by the thermocouple were 
calculated for each temperature step and plotted against the set tem-
perature as depicted in Fig. 4. The thermocouple was considered as the 
reference sensor for several reasons: Firstly, it has a considerably lower 
measurement uncertainty compared to IR thermography. Secondly, it is 
not influenced by ambient conditions, i.e., cooling by ventilated air. 
Thirdly, the set-up, the measurement, and the data evaluation seem to 
be manageable as part of a measuring standard for a test laboratory. On 
the other hand, the pivotal advantage of thermal imaging is the real time 
measurement of the spatial nozzle temperature distribution during 
operation. While this technique seems a bit too elaborate to derive 
correction factors, we could at least verify that the extruder temperature 

Fig. 3. Set temperature variation for all tested printers including two hotend/nozzle combinations for CP.  
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is only marginally affected by filament extrusion. Further studies should 
however complement the presented findings. Adjusted extruder set 
temperatures (TE,Adj) can be calculated for each printer using the 
regression functions displayed in Fig. 4. For example, the temperature 
setting of AnyM should be only 217 ◦C in order to set the extruder to 
actual 230 ◦C while the same extruder temperature is achieved for the 
CB2 if its adjusted set temperature is 240 ◦C. The adjusted printer- 
specific temperatures for the tested filaments are listed in Table 2. It 
should be noted that the printers only allow temperature settings 
rounded to a whole number. For this study, only the CP(L-B) design of 
the CP printer was adjusted as this combination is recommended for the 
standard printing range of up to 260 ◦C, i.e., the same operating range as 
for CB2 and AnyM. 

3.4. Printer hardware emission 

Different heights of printer blanks may occur due to printer-specific 
features, such as e. g. heating block coating, which are heat-exposed. 
Such coatings are often made of plastic to stabilize the temperature 
for better printing results and to avoid deposition of filament residues on 
the heating block. The silicon coating of AnyM is directly heat-exposed 
and emitted a substantial number of particles during the printer blank 

test. Removing the coating reduced the TPNC by 99% to a concentration 
level below LLOQ (Lower Limit of Quantification) (see Figs. S11 and S12 
in Supplementary data). The LLOQ for the calculation of TP is approx. 
1000 cm− 3 which equals at an air exchange of 1 per hour in a 1 m3 

chamber a TP value of about 109 particles. The coating of CB2 is not 
removeable but the printer showed an acceptable level of TP = 6.8⋅109, 
i.e., below 10% of the total emission of ABS-T-01 at 240 ◦C. The 
aluminum hotend of CP is not equipped with any coating and showed a 
printer blank close to the LLOQ. The measured printer blanks are 
available in the Supplementary data in Figs. S13 and S14. 

To quantify any effect of coating removal from the AnyM, its 
extruder temperatures with and without coating were compared within 
the operating temperature range with a thermocouple and no differ-
ences were observed. Hence, the AnyM was used without coating for 
comparative emission measurements. 

3.5. Filament emission 

The emission parameter TP was determined from the CPC data for 
each combination of filament and printer with the uncorrected set 
temperature (TE,Set) and secondly with the adjusted set temperature (TE, 

Adj). The results are described in Table 2 in detail and are illustrated in 
Fig. 5. Fig. 5 highlights two aspects: a) the reproducibility of the particle 
emission from each printer and filament, and b) the scatter of emission 
data from different printers before and after set temperature adjustment. 

Fig. 4. Temperature adjustment for CB2, AnyM and CP(L-B). Each data point 
represents arithmetic means at steady-state temperature levels. TE,TC depicts the 
reference temperature measured by the thermocouple and TE,Adj is the extruder 
temperature for adjustment. 

Table 2 
Average TP (TPMean) and geometric mean diameter (GMD) of the particle number size distribution at the end of the printing process with the corresponding relative 
standard deviation in parentheses. The printer original set temperatures (TE,Set) and the adjusted extruder temperatures (TE,Adj) are listed. TPMean and GMD marked 
with an asterisk include measurements from Tang and Seeger (2022).  

Filament Printer TE,Set [◦C] N TPMean [-] GMD [nm] TE,Adj [◦C] N TPMean [-] GMD [nm] 

ABS-W-01 CB2 230 8 3.13⋅1011* (16.0%) 56.6* (5.3%) 240 3 8.14⋅1011* (7.1%) 52.9* (3.1%) 
ABS-W-01 AnyM 230 3 2.79 ⋅1012 (1.4%) 50.7 (1.6%) 217 3 1.34 ⋅1012 (6.8%) 48.8 (1.6%) 
ABS-W-01 CP(L-B) 230 4 3.62⋅1011 (6.7%) 45.7 (2.3%) 245 3 6.07⋅1011 (14.7%) 51.2 (3.8%) 
ABS-T-01 CB2 230 4 5.30⋅109* (48.6%) N/A* 240 3 7.03⋅1010 (30.3%) 27.1 (12.9%) 
ABS-T-01 AnyM 230 3 1.20⋅1012 (6.8%) 19.7 (2.7%) 217 4 2.98⋅1011 (16.0%) 17.9 (5.0%) 
ABS-T-01 CP(L-B) 230 4 2.39⋅1011 (37.9%) 16.7 (4.3%) 245 3 2.35⋅1012 (13.3%) 23.0 (3.5%) 
PLA-P-B-01 CB2 210 3 1.31⋅1010* (8.4%) N/A* 219 3 5.55⋅1010 (7.8%) 58.2 (3.1%) 
PLA-P-B-01 AnyM 210 3 1.30⋅1012 (7.7%) 38.7 (1.6%) 196 3 4.37⋅1011 (7.2%) 37.9 (2.0%) 
PLA-P-B-01 CP(L-B) 210 3 2.43⋅1011 (2.9%) 27.7 (2.0%) 224 3 6.01⋅1011 (16.1%) 30.5 (1.5%) 
BIO-S-02 CB2 210 3 2.83⋅109* (3.7%) N/A* 219 3 2.53⋅1010 (46.5%) 66.2 (8.3%) 
BIO-S-02 AnyM 210 3 4.77⋅1011 (5.0%) 55.2 (1.5%) 196 3 9.87⋅1010 (2.0%) 58.4 (1.7%) 
BIO-S-02 CP(L-B) 210 3 8.61⋅1010 (8.7%) 37.8 (3.5%) 224 3 2.81⋅1011 (18.9%) 41.6 (1.5%)  

Fig. 5. TP values illustrated as color-coded squares for respective printer. The 
boxplots show the TP scatter ranges before and after temperature adjustment. 
TE,Set: original printer set temperature, TE,Adj: adjusted extruder temperature. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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For each combination of printer and filament the TP values from 
repeated measurements (color-coded data points in Fig. 5) are closely 
together and thus indicating good reproducibility in accordance with the 
typical SPM measurement uncertainties reported in Tang and Seeger 
(2022) for the printer model CB2. This result shows promising good 
reproducibility of emission tests with SPM for two more commercial 
FFF-3D printer models. 

The scatter of the TP values is for each investigated filament depicted 
in Fig. 5 as box plots. Grey boxes indicate the scatter in TP without set 
temperature adjustment while the red boxes reveal the effect of 
adjustment. Without adjustment the scatter range covers between 2 and 
2.5 orders of magnitude for three out of four filaments and only one 
order of magnitude for the ABS-W-01 filament. With set temperature 
adjustment (red boxes) the scatter ranges are substantially reduced to 
1.5 orders of magnitude for ABS-T-01 and much less for the other ma-
terials. The effect is strongest for the ABS-W-01 filament: Here, the large 
scatter range is driven by the fact that TP values from CB2 and CP(L-B) 
are closely together and are much lower than the TP values from the 
AnyM. This discrepancy is after temperature adjustment drastically 
reduced and the resulting scatter range is much less than one order of 
magnitude. Thus, emission data from different printers without tem-
perature adjustment lack comparability due to divergent extruder tem-
peratures. A much better comparability of the emission data from three 
printers processing four filament materials could be achieved after 
adjusting the extruder temperatures as described. 

The remaining discrepancies between emission data from different 
printers may be attributed to their individual heating process and tem-
perature control. The particle number size distributions (PNSD) indicate 
that particle formation during the filament extrusion still varies between 
printers kept at same extruder temperature. In all cases, CB2 had emitted 
the largest particle sizes followed by AnyM and CP(L-B) which is quite 
consistent with the determined TP. Examples are shown in Figs. S15 and 
S16, when printing with CB2 the PNSD of PLA-P-B-01 was clearly shifted 
towards bigger particles (GMD around 58 nm) compared to 38 nm for 
AnyM and 31 nm for CP(L-B). Similar PNSDs were observed for the 
filament BIO-S-02 between CB2 and CP(L-B) data. ABS-W-01 and ABS-T- 
01, on the other hand, showed similar PNSDs for all three printers (see 
Figs. S17 and S18). 

4. Conclusion 

Our result shows that printing identical filament feedstocks on three 
different printer models with same set temperature resulted in a varia-
tion in particle emission of around two orders of magnitude. Tempera-
ture adjustments, ensuring the same actual extruder temperature on all 
printers, reduced the variation to approx. one order of magnitude, i.e., 
after temperature adjustment, the printer hardware effect on the emis-
sions could be reduced significantly. This is an important advantage for 
future FFF-3D printer emission studies as the impact of systematic dis-
crepancies of temperatures can be avoided and an objectifiable basis for 
data comparison can be achieved. Our findings also suggest that the user 
should set the extruder temperature with caution as some commercial 
FFF printers may have a higher actual extruder temperature than dis-
played. Unintended overheating not only affects the print quality but 
may cause unnecessarily increased exposure to particle emissions. 
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