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ABSTRACT
A cost-effective, miniature electrical ultrafine particle sizer (mini-eUPS) has been developed for future UFP (ultrafine
particle) monitoring networks in cities with high traffic density and in communities close to freeways, airports or
stationary combustion sources. The mini-eUPS mainly consists of a mini-plate unipolar particle charger, a mini-plate
differential mobility classifier and a mini-particle Faraday cage with a sensitive electrometer. A custom-made circuit board
was designed for operating the mini-eUPS. In addition to the primary function of measuring the UFP size distribution, the
mini-eUPS records the temperature, relative humidity, pressure, altitude, timing and location for each measured data set.
The operational status of the mini-eUPS is also registered for data quality assurance. Due to the built-in features of selfdiagnosis, malfunction reporting and wireless networking, this particle sizer is suitable for UFP monitoring network. The
prototype, which possesses overall dimensions of 6.5′′ (L) × 5.0′′ (W) × 4′′ (H) and a total weight of ~1.0 kg, measures
particles ranging in size from 5 to 200 nm. To evaluate the performance of the mini-eUPS, size distribution measurements
of lab-generated particles in both unimodal and bimodal distributions and of UFPs emitted from a low-cost 3D printer and
diesel engine were compared with those taken by a Scanning Mobility Particle Sizer (SMPS; TSI Inc.). A reasonably good
agreement between the mini-eUPS and SMPS data was found.
Keywords: Miniature particle sizer; Ultrafine particles; Cost-effective sensor.

INTRODUCTION
The concern of adverse impact of ultrafine particles
(UFPs, defined as particles in the sizes less than 100 nm)
on the environment and health has been increasing in
recent years as the number of scientific evidences published
in the literature increased. From the toxicological and health
perspective, UFPs, due to their high surface-to-volume
ratio and high number concentration, often possess high
bio-availability and toxicity (Nel et al., 2006; Heinlaan et
al., 2008; Park et al., 2011). Peer-reviewed literature reports
that UFPs could easily enter the human lung and deposit in
the alveolar region, even entering in the blood stream and
transporting to vital organs (Paur et al., 2001; Takenaka et
al., 2001; Kreyling et al., 2002; Oberdörster et al., 2004).
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Epidemiologic studies have also shown that UFPs are
particularly relevant to pulmonary diseases, cancer and
mortality because of their high diffusion coefficient and
greater accumulation ability (Delfino et al., 2005; Samet et
al., 2007; Hoek et al., 2010; Steward et al., 2010; Ostro et
al., 2015; Aguilera et al., 2016; Du et al., 2016; Heusinkveld
et al., 2016; Li et al., 2017). The increased asthma prevalence
has been often found to occur in the areas having high UFP
level in the ambient or high motor vehicle traffic density
and residence communities in close proximity to freeways
(Samet et al., 2000; Holguin, 2008; Salam et al., 2008; Patel
and Miller, 2009; Mazaheri et al., 2014; Dirks et al., 2016).
In spite of the published health data, a causal relationship
between the short-term UFP exposure and cardiovascular
effects was suggestive, but not sufficient, by EPA 2009
PM Integrated Science Assessment, ISA (U.S. EPA, 2009;
Baldauf et al., 2016). Limited data on the spatial/temporal
variability in UPF concentration and on the UFP composition,
and incomplete information on the spatial/temporal
evolution of UPF size distribution are some of the
limitations on the published health studies for the above
causality determination.
UFPs are either derived directly from combustion and
vehicle emission or formed when organic compounds with
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low vapor pressure spontaneously nucleate/condense on
other small particles (Kulmala et al., 2004). UFPs are
major sources for fine particles produced through the
agglomeration and/or vapor condensation. In addition to
their omnipresent existence in the ambient environment,
UFPs of various chemical compositions have been
manufactured for industrial applications. Example
applications of industrial UFPs are silver nanoparticles in
apparel for their antibacterial and anti-odor properties, the
use of titanium dioxide and zinc oxide nanoparticles in
cosmetics to effectively block the UV rays in the sunlight,
and the inclusion of carbon nanoparticles in rubbers to
lengthen the lifetime of vehicle tires (Lee et al., 2007;
Vassiliou et al., 2008; Somasundaran et al., 2010; Madani
et al., 2011; Smijs and Pavel, 2011).
However, the monitoring of ultrafine particles is
challenging because of the rapid variation of size and
concentration of UFPs both in time and in the distance
from their sources, especially for the communities in close
proximity to freeways/airports or in cities where a high
density of motor vehicles are present (Zhu et al., 2002;
Karner et al., 2010; Padró-Martínez et al., 2012; Patton et
al., 2014; Manigrasso et al., 2017; Hudda et al., 2018).
UFP monitoring networks in the resolution of 10–20 meters
are required to collect the data needed for epidemiologic
studies (Zhu et al., 2002). Establishing a UFP monitoring
network thus requires multiple monitors as the network
nodes. Scientific instruments for the UFP characterization
have been developed and applied in various aerosol particle
studies for decades. The review of instruments capable of
measuring UFPs could be found in the literature (Chen and
Pui, 2008). Instruments for the integral measurement of UFPs
(i.e., total number, surface area and mass concentrations of
UFPs) are available in market. Examples of integral
instruments are condensation particle counters (CPCs), for
total number concentration measurement; nanoparticle
surface area monitors (NSAMs), for sensing total surface
area concentration of particles deposited in a human lung;
and electrical aerosol detectors (EADs), for measuring the
total mass concentration of UFPs. In addition, particleelectrical-mobility-based instruments (e.g., Electrical Aerosol
Analyzer, EAA, and Differential Mobility Analyzer,
DMA) have been widely applied in measuring the size

distributions of UFPs. Electrical-mobility-based instruments
in the portable version (listed in the Table 1) have also
been made available in recent years. The above UFP sizers
are mainly designed for laboratory use and operated alone.
They are typically expensive in list price and bulky/heavy
in final packages, limiting the application in the UFP
monitoring network. Cost-effective UFP sizers in much
more compact packages are highly in demand for setting
up a UFP monitoring network.
In this article, we report our effort in the development of
a cost-effective, miniature electrical ultrafine particle sizer
(mini-eUPS). Electrical-mobility-based techniques are the
backbone of this mini-eUPS because of their capability of
measuring the size distribution of UFPs. A typical electricalmobility-based particle sizer consists of a particle charger
which imposes a well-defined charge distribution on particles
to be measured, an electrical-mobility classifier which either
sizes particles or changes size distribution of particles
based on their electrical mobility, and a particle concentration
detector which measures the concentration of particles
being sized/changed. Typical particle concentration detectors
are either CPCs or aerosol electrometers. In the following
sections, we describe the configuration of mini-eUPS and
its core components. The evaluation of core components
and additional features of the mini-eUPS are also discussed.
Examples are at last given to demonstrate the overall
performance of the mini-eUPS.
MATERIALS AND METHODS
Design of mini-eUPS and its Core Components
Shown in Fig. 1 is the schematics of miniature electrical
ultrafine particle sizer (mini-eUPS). The mini-eUPS consists
of three core components: a unipolar mini-plate particle
charger, a mini-plate differential mobility classifier, and a
mini-particle Faraday cage with a sensitive electrometer.
Ambient particles are sampled into the mini-eUPS via a
miniature cyclone, to remove particles with the sizes larger
than 200 nm. Prior to entering the mini-plate charger, the
temperature and relative humidity of the particle stream
are measured. The used mini-cyclone was designed and
calibrated according to the works of Hsiao et al. (2009)
and Liu et al. (2015).

Table 1. Summary of compact/portable ultrafine particle sizers which are commercially available. The prototype mini-eUPS
is listed herein for the comparison only.
Dimensions
45 × 23 × 39 (cm)
(18′′ × 9′′ × 15.3′′)
Kanomax portable aerosol mobility spectrometer (PAMS)
23 × 23 × 15 (cm)
(9′′ × 9′′ × 6′′)
Naneum Nano-ID PMC500
30 × 33 × 26 (cm)
11.8′′ × 13′′ × 10.2′′)
Grimm mini wide range aerosol spectrometer (WARS)
34 × 31 × 12 (cm)
(13.4′′ × 12.2′′ × 4.7′′)
miniature electrical ultrafine particle sizer (mini-eUPS)*
16.5 × 12.7 × 10 (cm)
(6.5′′ × 5.0′′ × 4′′)
*
it is listed for the comparison only (not commercially available).
Instrument
TSI Nanoscan 3910

Weight
~8 kg (w/o batteries);
~9 kg (with batteries)
4.5 kg
6.25 kg
7.6 kg
~1 kg (w/o battery)
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Fig. 1. Schematics of assembled miniature electrical ultrafine particle sizers (mini-eUPS).
After taking the temperature and relative humidity
measurement, the particle stream is directed to a mini-plate
unipolar charger (shown in Fig. 2(a)) to electrically charged
particles (Liu, 2015; Chen et al., 2018). The charger is the
modified version of the mini-plate particle charger studied
in the dissertation work of Liu (2015), in which the detail
optimization and performance evaluation of the mini-plate
charger can be found. The particle charger included in the
mini-eUPS is constructed by sandwiching one metal plate
and one metal block. The particle flow channel (in the
rectangular cross-section and with the tapered expansion
inlet and contraction outlet) is embedded in the metal
block with the inlet tube. The metal plate with the outlet
tube is used as the channel cover for the flow channel. The
ion generation chamber is located near the flow channel
exit and built in the metal block. A perforated plate is used
to partition the ion chamber from the flow channel. The
particle-charging zone is defined in the channel space
adjacent to the perforated plate. In the ion generation
chamber, a Tungsten wire of 50 µm in diameter is installed
in the direction perpendicular to the flow for producing
unipolar ions via positive DC-corona discharging. Once
produced, a small portion of unipolar ions is diffused into
the particle-charging zone. Particles enter the charger from
the left inlet tube, pass through the particle charging zone
where they acquire electrical charges by the random
collision with unipolar ions, and exit the charger via the
bottom outlet tube. The corona discharge is operated at
2.0 µA in order to achieve the optimal performance of the
charger. For the simplicity, no ion-driving voltage is applied
in the operation of this charger. Note that an additional

feature of sheath flow is also designed in the charger,
offering a clean flow to reduce the possible contamination
of corona wire.
A mini-plate differential mobility classifier (mini-plate
DMC; shown in Fig. 2(b)) is placed at the exit of the miniplate particle charger to size particles according to their
electrical mobility (Liu and Chen, 2016). The mini-plate
DMC is in general constructed by two metal plates installed
in parallel and separated by the spacing of 1.6 mm (i.e.,
1/16′′, the height of particle classification zone). An aerosol
flow contraction/expansion channel (for transporting either
polydisperse or classified particles) is designed in each
metal plate to minimize the electrostatic loss of charged
particles. Polydisperse charged particles flow in the miniplate DMC from the top tube, through a flow expansion
channel, to the particle classification zone via the entrance
slit. The dimensions of aerosol entrance and exit slits are
28.6 mm (i.e., 1 1/8′′ in length), which is ~75% of the full
width of the classification zone. The reason for the reduced
slit length (compared with the full channel width) is to
minimize the wall effect on the DMC performance. The
distance between the aerosol entrance and exit slits, i.e.,
the particle classification length, is 52.4 mm (i.e., 2 1/16′′).
Classified particles are extracted out the classification zone
from the exit slit, moved through a flow contraction channel,
and exited the DMC from the bottom tube. Particle-free
sheath gas is directed into the particle classification zone
via the left inlet and a flow laminarizor. The excess flow
exits the classification zone from the outlet located on the
other end of the DMC. A high DC voltage is applied to the
top plate while the bottom one is on the electrical ground,
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Fig. 2. Schematics of core components used in mini-eUPS: (a) mini-plate unipolar particle charger; (b) mini-plate differential
classifier and (c) mini-particle Faraday cage.
establishing a uniform electrical field in the particle
classification zone. For safety, the metal plates are electrically
insulated. The overall size of this prototype mini-plate
DMC is comparable to the size of an iPhone 6. Instead of
the flowrate ratio of 1:10, the mini-plate DMC is in default
operated at the aerosol and sheath flowrates of 0.3 and

1.5 L min–1 (i.e., the flowrate ratio of 1:5) in the mini-eUPS.
Instead of condensation particle counters (CPCs), a
mini-particle Faraday cage integrated with a sensitive
electrometer is applied in the mini-eUPS for measuring the
electrical charges of classified particles. The selection of
an aerosol Faraday cage over a CPC is based on the
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consideration of energy consumption, working fluid handling,
miniaturization and the cost of CPCs. Heating and cooling
of the working fluid are required in a CPC to enlarge the
sizes of classified particles for optically counting. These
thermal processes consume much energy. Extra accessary is
also required to accomplish the tasks of feeding, storage and
refilling for the working fluid in a CPC. The extra accessary
will increase the cost and package size of the mini-eUPS.
Notice that the trade-off for using a particle Faraday cage over
a CPC is the low detection limit of particle concentration. A
CPC would measure the particle in the number concentration
down to 1 # cm−3. Particles in the number concentration
more than 300 # cm−3 for each size bin (when operated at
the flowrate of 0.6 L min–1) is required for sensing via a
particle Faraday cage, because of the lower detection limit
of 0.5 fA of the current electrometer. Although the low
current limit will be reduced to 0.2 fA in the later version of
electrometer to be incorporated in the mini-eUPS, classified
particles in the concentration more than 100 # cm−3 for each
size bin are required for concentration sensing (assuming
unit charge on individual classified particles).
Fig. 2(c) shows the schematics of mini-particle Faraday
cage used in mini-eUPS. Charged particles are directed into
the cage through the top inlet tube, and trapped in a small
disk filter located in the metal cup which is electrically
isolated from the cage and grounded through a wire. A
sensitive electrometer connected to the wire is used in
order to measure the induced current once the charged
particles are trapped. After passing through the disk filter,
the carry flow exits the cage from the outlet tube.
Integration of mini-eUPS
Two small high-voltage power supplies (EMCO C50 and
Q50-5) are included in the mini-eUPS for the operations of
the unipolar mini-plate particle charger and mini-plate
DMC. For the charger operation, a feedback control loop is
designed to keep the corona discharge current constant (at
the default setting of 2.0 µA). One small air pump (135 FZ,
Schwarzer Precision) and a micro-bridge flow meter
(AWM43600V, Honeywell) are used to sample and monitor
particle flows, respectively. For the mini-plate DMC
operation, the second small pump (140 FZ, Schwarzer
Precision) is applied as the driver to extract the excess flow
for its port, pass it through two HEPA-grade tube filters
(located at the upstream and downstream of the pump), and
inject it into the sheath flow port. The second micro-bridge
flow meter (AWM3300V, Honeywell) is used to monitor
the circulating flow rate.
A custom-made circuit board and an A/D card were
used to acquire the readings from high-voltage supplies,
micro-bridge flow meters, and temperature and humidity
sensors, and to control high-voltage power supplies and air
pumps. In addition, the wireless communication and
networking modules, timer, Global Positioning System (GPS)
and pressure sensor are also included in the same circuit
board. The Raspberry Pi micro-processor with the 7′′ touch
screen is selected as the user interface, and for running the
code for the mini-eUPS operation and data analysis/display.
The prototype mini-eUPS is in default operated at the
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stepping voltage mode in order to simplify the coding. The
scanning voltage operation mode will be later included in
the code. As the default setting, 20 size bins covering the
sizes ranging from 5 to 200 nm are set in the mini-eUPS.
Because of the response time of electrometer varies at
different current levels, the measuring cycle is set at 60
seconds (i.e., 3 seconds for each size bin on average). The
measuring cycle could be reduced when measuring UFPs
in high concentration. It is because of the fast response
time of electrometer at the high readout compared with
that at the low signal.
The assembled mini-eUPS with all the accessary is
packed in the commercially available box having the size
of 6.5′′ (L) × 5.0′′ (W) × 4′′ (H) and with the total weight
of ~1.0 kg (without the battery). Note that the package size
could be further reduced if it was custom-made. Either a
lithium-ion battery or an AC-to-DC power adapter can
power the mini-eUPS. Two USB ports are also available for
the communication between the mini-eUPS microprocessor
and a laptop computer. For the reference, the design
specification of mini-eUPS is summarized in Table 2.
To retrieve the particle size distribution from measured
raw data, a data inversion scheme is required for mini-eUPS
because of the presence of multiple charges on particles of
the same size after passing through the particle charger.
Mathematical techniques have been proposed for the data
inversion (Kandlikar and Ramachandranst, 1999). The
choice of a particular algorithm for the size distribution
retrieval is always a trade-off among the algorithmic
complexity, accuracy of reconstruction and available
calculation power (Voutilainen et al., 2000). Under the
consideration of limited computational power and memory
available, we selected the constrained least-square method
for the near in-situ screening of ultrafine particle size
distributions measured. The constrained least-square scheme
Table 2. Summary of design specification of key components
and prototype mini-eUPS.
Specification of prototype mini-eUPS*
Final package
Dimensions
6.5′′ (L) × 5.0′′ (W) × 4′′ (H)a
Weight
~1.0 kg (w/o battery)
mini-plate particle charger
discharge current
0.2 µA
voltage range
2–5 kV
flow rate
0.3–0.6 L min−1
mini-plate differential mobility classifier
particle flow rate
0.3–0.6 L min−1
sheath flowrate
1.5–3.0 L min−1
voltage range
0-5 kV
particle size range
5–200 nm at 1.5 L min−1
mini-particle Faraday cage
lower current limit
0.5 fAb
particle flow rate
0.3–0.6 L min−1
*
for the prototype mini-eUPS only (subject to change).
a
commercially available box.
b
~300 # cm−3 (singly-charged particles) at 0.6 L min−1.
The detection limit would be ~0.2 fA in the near future.
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was first developed by Philips (1962) and later introduced
into the aerosol measurement by Twomey (1965, 1975).
For retrieving agreeable size distribution, the constrained
method, with a maximum error tolerance of 5% in the
measurements was reported by Rizzi et al. (1982) and
Markowski (1987). Please note that the built-in data
inversion is only for the quality screening of measured
data. The final size distribution of UFPs could be obtained
by offline data inversion schemes if the on-board data
inversion was unsatisfactory (Wolfenbarger and Seinfeld,
1990; Talukdar and Swihart, 2003; Dubey and Dhaniyala,
2013).
RESULT AND DISCUSSION
Core Components of mini-eUPS
Prior to the mini-eUPS integration, the performances of
core components were individually evaluated. The calibration
method and detail performance of mini-plate DMC used in
mini-eUPS could be found in the work of Liu and Chen
(2016). The performance of the mini-plate particle charger
and the mini- particle Faraday cage are given in this section.
The calibration of mini-plate particle charger was
performed by the experimental setup and method detailed
in the work of Chen et al. (2018). Fig. 3 shows the basic
performance of mini-plate unipolar particle charger, i.e.,
intrinsic and extrinsic charging efficiencies as a function of
particle size, when it was operated at the 2 µA corona
current and at the flow rate of 0.6 L min–1. The intrinsic
charging efficiency is defined as the percentage of particles
receiving electrical charges in a particle charger and the
extrinsic charging efficiency is the percentage of charged
particles existing in a charger. The difference between the
intrinsic and extrinsic efficiency is due to the particle loss
in a charger. The charging efficiency of the charger
increased as the particle size became larger. The extrinsic
charging efficiency of 10 nm particles was about 12%,
evidencing a good charging performance of the mini-plate
charger. For particles in sizes larger than 100 nm, the
intrinsic charging efficiency reached the maximal value of

100% while the extrinsic charging efficiency stays ~85%.
Also, the ratio of extrinsic charging efficiency to intrinsic
charging efficiency increased with the increase of particle
size, from 38% (for 20 nm particles) to 78% (for 60 nm
particles), indicating that smaller particles were more likely
lost in the charger. For the inversion scheme to retrieve the
size distribution of UFPs, the charge distributions of
particles at various sizes are also required. The charge
distributions of particles in given sizes, which is required
for the data inversion scheme applied in the mini-eUPS,
were also measured and shown in Fig. 4. To reproduce
measured charge distribution for particles in different size
a Gaussian distribution function was proposed to fit the
measured charge distribution data. It is found that the three
parameters in the Gaussian distribution equation are
functions of average charge and particle size. By best
fitting the experimental charge distributions, a data-fitted
Gaussian distribution equation for calculating the extrinsic
charge distribution of particles can be expressed as:

0.655
P

y  8.3691D

  x  0.0281D  0.1847  2 

 
p

 exp  
 (1)
2
  0.0039 D p  0.5502 




where Dp is particle size (unit: nm). As shown in Fig. 4,
the general trend of the experimental and fitted charge
distribution agrees well.
The performance of the mini- particle Faraday cage was
calibrated, and the data are shown in Fig. 5. DMA-classified
particles of 80 nm in diameter were used in the calibration
of the mini- particle Faraday cage. The calibration was
performed at both aerosol flow rates of 0.3 and 1.5 L min−1.
The current (I) measured by the aerosol electrometer can
be expressed as
I = ne(NQa)

(2)

where I is the current measured by mini- particle Faraday
cage, N is the number concentration of single-charged

Fig. 3. Intrinsic and extrinsic charging efficiency of mini-plate unipolar particle charger as a function of particle size.
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Fig. 4. Measured positive charge distributions of DMA-classified particles with various sizes when the mini-plate charger
was operated at 0.6 L min −1 aerosol flowrate and 2 µA corona current.
particles, measured by an Ultrafine Condensation Particle
Counter (UCPC; Model 3776, TSI Inc.); Qa is the flow rate
of particle stream, n is the number of elementary charges
on individual particles (n = 1 in this case), and e is the
elementary charge (1.6 × 10−19 C). Accordingly, the

correlation between the measured current I and the eNQa
should be a straight reference line with the slope of 1.0 (or
the 45° in the plot). The excellent linear relationship between
I and eNQa is shown in Fig. 5 and the slopes of two lines are
close to 1 (since all the test particles carried single charge).
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Fig. 5. Calibration curves of mini-particle Faraday cage at the flow rates of 0.3 and 1.5 L min−1.
Comparison of mini-eUPS and TSI SMPS
Four examples are provided herein to demonstrate the
overall performance of the prototype mini-eUPS by
comparing the mini-eUPS data with those measured by the
Scanning Mobility Particle Sizer (SMPS; TSI Inc.). The TSI
SMPS used in this comparison consisted of a particle
neutralizer (i.e., either the Kr85 or soft X-ray neutralizer), a
long Differential Mobility Analyzer (DMA; Model 3081,
TSI Inc.) with the DMA platform (Model 3080, TSI Inc.)
and UCPC (Model 3776, TSI Inc.). The SMPS was
operated at the aerosol-to-sheath flow rate ratio of 1:10.
All the raw SMPS data were measured in the highest
resolution offered by the SMPS. Since the mini-eUPS has
fewer sizing bins than TSI SMPS, the raw size bins of
SMPS data were merged to the number of size bins
equivalent to mini-eUPS’s for the comparison.
Sub-micrometer particles in both unimodal and bimodal
size distributions were generated in the lab for this part of

(a)

testing. The detail of experimental setup used to generate
test particles could be found in the Supplementary
Information (SI; Fig. S1). Particles in unimodal size
distribution were generated via the nebulization of NaCl
solutions in 0.1% concentration by a custom-made Collison
atomizer. Once produced, the particle stream was directed
through a diffusion dryer with silica gel as the descendant
to remove the water vapor and a Po210 neutralizer to
minimize the electrical charge level on resultant particles.
Particles in the bimodal size distribution were generated by
mixing the unimodal NaCl particles produced above with
diethylhexyl sebacate (DEHS) oil particles produced by a
Condensation Monodisperse Aerosol Generator (Model
3475, TSI Inc.).
The comparison of size distributions measured by
mini-eUPS and TSI SMPS for lab-generated particles in
unimodal and bimodal distributions is shown in Fig. 6
(Fig. 6(a) for unimodal size distribution; Fig. 6(b) for the

(b)

Fig. 6. Comparison of size distributions of lab-generated particles measured by TSI SMPS and mini-eUPS: (a) for
unimodal size distribution; (b) for bimodal size distribution).
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bimodal size distribution). For each particle size distribution
measurement, at least five runs were taken and the average
of measured distributions was reported. The particle size
distributions measured by mini-eUPS is in reasonable
agreement with those obtained by TSI SMPS, indicating
that the assembled mini-eUPS is in the working condition.
The slight variation in each size bin of measured particle
size distributions are primarily because of the use of different
particle concentration detectors and data reduction
schemes used in mini-eUPS and TSI SMPS.
Both mini-eUPS and TSI SMPS were also applied to
measure the diesel particles generated from EPA Tier 2
diesel engine (8 kW, Quiet Diesel, Cummins Onan).
Fig. S2 shows the facility and experimental setup for this
measurement. Fig. 7 shows the size distributions of diesel
particles measured by both instruments. More than three
runs were taken in this measurement and the average of
measured distributions was reported. The reasonable
agreement between two measured particle size distributions
was again obtained in this measurement.
Last example of the performance comparison between
mini-eUPS and SMPS is on the measurement of particulate
emission from a low-cost 3D printer (LulzBot Mini, Aleph
Objects, Inc.). The schematic diagram and description of the
setup for this part of the measurement is included in the SI
(Fig. S3). A typical comparison of printer-emitted particle
size distributions measured by both mini-eUPS and TSI
SMPS is shown in Fig. 8. The data shown in Fig. 8 were
the averages of five measured particle size distributions.
The agreement between the two shown particle size
distributions was considered reasonable although the
SMPS-measured concentration of particles in the range
near the peak size was slightly higher than that measured
by mini-eUPS. It is again possibly due to the detector
difference used in mini-eUPS and TSI SMPS.
In the future, a small-scale wireless UFP monitoring
network, based on multiple mini-eUPS, will be set up for
field testing of mini-eUPSs and their long-term network
function.
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Fig. 8. Comparison of size distributions of particles emitted
from a low-cost 3D printer operated at the extrusion mode
(measured by mini-eUPS and SMPS).
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