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Characterisation of 3D Printer Nanoparticle Emissions and Filtration
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Introduction

Threeaerosolnstruments were used to measure nanoparticle emissionsrirentl@ased deskto®D printer
(operated witlPLA or ABS filaments)andcharacteris¢he filtration performance of the BOFA 32intPRO3
extraction system:

1 TheDifferential Mobility SpectrometefDMS) 500is a realtime particle sizing instrument that is well
suited to measuring 3D printer particle emissions, since its very fast regpdragtion of a second)
means it can capturapidvariations in particle size and numband its integrated dilution system
offers a wide dynamic range

1 The Scanning Mobility Particle Sizé6MP§ usuallytakesmore than Inin to accuratelyrecord a
paticle size distributionsince itproceed through the size channelgnsecutivelyand sends the
classified particles to a counter. However hiigh sensitivity means it is best suited to capture size
information on any particle penetration through titerfin the PrintPRO3.

1 A separateCondensation Particle Coun{@PQ was employedhat reports total particle number
concentration without size informatigout combines a fairly fast respons& sec)with high

sensitivity. Thiswould accuratelycaptue the rapid reduction in particle concentration downstream of

the filter after the extraction system has been switchefltanay alsobe valuable in trackingny
filter breakthrough that could be linked to shlived spikes in particle emissions at a particular size
that would beesohed by the DMS$but notby the SMPS.

Equipment & Method

Apparatus
3D printer: Intamsys Funmat HT

(www.intamsys.com/funméit-3d-printer)

The model printed for all tests was BieBenchy(www.3dbenchy.com Two filament materialsveretested:

1 Polylactic acid (PLA)

o Chambettemperature = 23C, bed temperature 6(0°C, extruder temperature = 21D
1 Acrylonitrile butadiene styrene (ABS)

0 Chamber temperature =3, bed temperature 0Q°C, extrudetemperature = 25C

Extraction system under test: BOFA 3D PrintPRO 3

1 Three identicafilter boxeswere supplied"P0301003 without carbon and filter padsihe to use for
each filament material and one spare
1 The air flow was set to the maximusefpoint= 150 m¥hr, indicated bysix green lights othefront
pane)
1 Plenums were provide® connect th&®0 mm diametePrintPRO3 hoses tdhe Funmat HT(replacing
thesnapin handleon either side)
o The inlet hose (withdrawing particladen air from the printer) wasm long.
0 The outlet hose (returning filtered air to the printer) was IBng
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Aerosol instruments:

1 Cambustion DMS500 Mk2fast aerosol size(www.cambustion.com/products/analytical
instrumentation/dms508erosolsize spectrurameasuremenys

o The DMS operates by passing the aerosol sample thmugkpolar corona chargdbllowed
by simultaneougparallel déection of particleseer a range of electrical mobilitiassing
electrometersThis providegealtime measurement of the particle size spectwith a data
rate up tdlO Hz and a time respons&ip.90%) down t0200ms The size range used in these
experiments was Bmd 1000nm and the sample flow rate was approXn@in. For tests
requiring less rapid response and higher sensitivity (e.g., when sampling the ambient air
surrounding the printer), the DMS data were avetlagesr 5 samples (Hz) or 20 samples
(0.5Hz).

1 TSI SMPS 3938(https://tsi.com/products/partickzers/scanningnobility-particle sizer
spectrometers/generstanningmobility-particle sizer(smps}3938:

o Particles were classified by their electrical mobility diameter uairiglectrostatic Classifier
3082with a Differential Mobility Analysel3081A anddetected using CPC3775 Each
particle size spectrum was produced from a 2 mamawith automatic software corrections
applied for multiple charges and particle diffusi®tans were run consecutively during each
test either in low flow mode (€.31/min sample flow and 8min sheath flow) for a size
range of6 nmd 229nm, or in high flowmode € 1.51/min sample flow and 18min sheath
flow) for a size range of 16md 649nm.

1 TSI CPC 3752(https://tsi.com/products/particleountersand-detectors/condensatiguarticle
counters/higkconcentrédon-condensatioiparticle counter3752):
o0 A second, standlone CPC wasgsed to measure tofaarticlenumber concentratiolbetween
4 nm (D50)and >8000nm with a time response {Foo%) of 1.5secfor 1.51/min sampleflow.
It operates iniagle particle countingnode(accuracy? 10%)for number concentrationg to
10° /cm? and photometric mod@ccuracy® 20%)for concentrations of°8 107 /cm?.

Test schedule
For both PLA and ABS filaments:

1. Thelntamsys Funmat HWwas set umext to a mixing famndera ductedfume hood(with the valve to
theextractionductclosed, as shown irrig. 1:
a) Duringa single3DBenchy printambientair surroundingthe printerwas sampletheside the
top door of the printewith theDMS, SMPS and CP.QJpon completion of the printhe top
doorwas openedusing a wire around the latch, pulled through a hole in the roof otithe f
hood)while instrument logging continued
b) Test lawas repeatedith the topdoor tothe printer operthroughout the print

2. Thefumehoodwasremovedandthe BOFA PrintPRQO3 extraction systerwasconnectedo the
Funmat HTin a recirculating loop asshown inFig. 2:
a) Duringa single3DBenchy printparticleladenair fromthe PrintPRO3 inletwas sampled
usingthe DMS andfiltered airfrom the outletwas sampledisingthe SMPSandCPC
A ThePrintPRO3 was left off for the first 15 min of the printo(allow the particle
concentration tduild upwithin the hoses), then switched onctpturethefiltration
process.
b) Test 2a)was repeatedith the aerosoinstruments exchanged betwebe sample ports either
side ofthe PrintPRO3.
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Fig. 1: The Intamsys Funmat HT 3D printer alongside a mixing fan within the fume hood. The aerosol instruments
are sampling the air close to the top door of the printer.
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Fig. 2: The BOFA 3D PrintPRO 3 extraction system attached to the Intamsys Funmat HT 3D printer via plenums
on the left and right sides. The aerosol instruments are sampling the air at the inlet and outlet of the PrintPRO 3.
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Notes on experimental set-up

1 ThePrintPRO3 withdrew air directly from te Funmat HT printer bechamber(left side shown irFig.
2); the filtered air flowto the printereturredair to the compartment contamg the printer electronics
(right side inFig. 2), which is thermally insulated from the bed chamber and aiddvhave been
flowing throughthe gaps inbetweenWhenmeasuring air flow velocities in and out of tRentPRO3
using an anemometer, the indicated inlet flow corresponded to approx®115r (at the uni t 6 s
maximumair flow seting), but the outlet flow was as low as half of this figure. Outwards flowrof ai
from the bottom of th@rintPRO3 was apparent (between all four sides of the base and the outer
casing). No further investigation was carried out due to time consti@igt the need to break theal
betweerthe pump unit ad the casingNo concern about particle exposusdmplied since the air
emerging from the base was downstream of the filter

1 5 mm diameter holes were drilled in the flexible hoses for the sample ports, approm &@ay from
the edge of the inlet/outlet tubes of ENtPRO3 (to avoid damaging the extraction unit itself).
Stainless steel barbs were inserted and sealed in theseAwtesol samples were transported to the
instruments irb.5mm i.d.conductive silicone tuds (which varied between Inband 2.5m in length,
depending on the test configuratipa)correction for particle losses by diffusion in these tules
applied to thalata from thesMPSin low flow mode(0.31/min sample flow)

1 A High Efficiency Particle Air (HEPA) filter was installed @portat the air inlet to the printesde
top right ofFig. 2) to equalise the pressure inside the system with the ambient level (since the three
aerosol instruments todedtr withdraw up to 1¥/min flow, which is not returned to the recirculating
loop). This measurevas intended to reduce the inwards flow of ambient air through gaps in the printer
enclosurgthat may contain particles generated by other processes irbtrattary andinstead
encouragehe filtration ofinwardsleaking air to removeotential artefacts the data

1 The filterboxin thePrintPRO3 was changed between the two filameatteriak. After testing was
complete, e used filtersverelabelled as loaded with particles generatedPby or ABS printing, in
case further analysis (e.g., electron microscigpyg be carried out on the collected particles.

1 There were difficulties to overcomvehen configuringhe Funmat HTo produceaepeaable3DBenchy
prints (i.e., both in terms oprint quality and theneasuregbarticle emissions), particularly with the
supplied ABS materialFor any future testingespecially with PEEK,which requiressignificantly
higher bed and extruder temperaturasiditional preprationtime would be requiredo optimisethe
calibration of the printer for eadhlamentmaterial speiication.

Results

3D printer nanoparticle emissions measured in fume hood

CPC data for the total particle number concentratiwoughout all four prints in the fume hood are plotted in
Fig. 3. The valve in the duct was closed so that particle emissions were largely retained under the hood, while a
mixing fan circulated the air inside. The sampténtswerepositionedbeside the pening end of the printer top
door. Particle number emissions during printing with ABS were generally an order of magnitude higher than
with PLA, andas the printommencd (just before 30Gecin Fig. 3) there was substantial breakthrough of
ABS particles even through the closed dodmichi peaked at 7.7 10* /cm?®. Then the ABS particle
concentratiorgradually settld to a level of approx. ¥dcm?, whichdoubledwhenthe door was opened at the
end of the print (before the valve in the extraction duct was opemedavenge thparticles from théume

hood) With thetop doorleft openduring the following printthe ABS particle number concentration rapidly
reached a peak of 2371C° /cn?, thensettled to a level cdpprox.83 10*/cm?. The corresponding features in

the PLAdataare much less prominent, with total number concentrations generally arounttdf@dd

9000/cm? in the tests withthe printertop door closed and open respectively.
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Fig. 3: CPC total number concentration for both PLA and ABS particle emissions measured above Funmat HT
with top door closed (solid lines) and opened at the end of the print (approx. 2750 sec), then repeated with top
door open throughout the print (dotted lines).

SMPS data from #nin scans recorded at approximately halfway through each print (when the particle emissions
were relatively steady) are plottedFig. 4, revealing that thenodal size®f particlesin the air abovéhe open

door were60 nm for PLA and 40m for ABS.When the printer top door was closed, the Riakticle size

distribution was bimodal, with one mode atrfh and the othgprobably aged) modat 125nm. Thesingle

mode of the ABS patrticles shefi upwards to 10mm. These findings imply gglomeration of the particles over
timein the air around # printer
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Fig. 4: SMPS spectra for a) PLA particles and b) ABS particles measured halfway through the print (note: the
spectral density axis is an order of magnitude higher for ABS than for PLA).

TheDMS contour plotsshown inFig. 5 provide a useful snapshot of simsolved nanoparticle measurements
during an entire test. A logarithmic scale of particle mobility diameter is plotted onetkie,ywith the

timescale onhte xaxis. The spectrum of colours represent a logarithmic scale of particle spectral density (i.e.,
the number concentration of particles in each size channel divided by its logarithmic width).

The DMS size information is consistent with the SMPS dakgnd; the PLA particle spectra show relatively
smalltemporal variatiosduring thetwo prints, withthe highest spectral densities generally & 50 nm. In

contrast, prominent transients are captuiethe DMS measurements of teBS particleemissions. Two

particular events are shown in more detail in the dynamic particle spectra pldtigdanthe opening of the

top door at the end of the print (corresponding to the region of the contour plot beginning s¢#8tg. 5¢)

and thestart of the subsequent print with the door held open (corresponding to the distinct red region beginning
at 150sec inFig. 5d). In the latter case, the surge of thest freshly generated ABS particles had a count

median diameter of 18m, then itsteadilyincreased in particle size and decreased in humber.
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Fig. 5: DMS contour plots of particle emissions measured above Funmat HT for a) PLA with top door closed, then
opened at the end of the print (approx. 2750 sec), b) PLA with top door open throughout printing, c) ABS with top
door closed, then opened at the end of the print (approx. 2750 sec), and d) ABS with top door open throughout
printing.
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Fig. 6: DMS dynamic particle spectra during a) opening of top door after ABS print was complete and b)
beginning of subsequent ABS print with door kept open (note: the spectral density axis is two orders of

magnitude higher for plot b than for plot a).
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