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At present, there is neither an of� cially accepted size-selective
� ber (aerosol number) sampler, nor are there established perfor-
mance criteria. In this work, a prototype preclassi� er (multihole
impactor) was used to connect a conventional asbestos sampler so
that the aerosol penetration test and particle counting process could
be performed. The bias, as a function of particle size, was de� ned as
the difference between the measured penetration curve and the tar-
get ISO/ACGIH/CEN respirable convention. The imprecision was
the standard error with reference to the mean aerosol penetration
curve.

A statistical term, one standard error shift (OSES) was used in a
previous study to combine the sampling bias and imprecision. The
bias and imprecision could be for aerosol number, aerosol mass,
or even surface area. In this work, an additional step was taken
by introducing another statistical term, maximum sampling shift
(MSS), to further combine the OSES with the counting imprecision.
For the surrogate sampler tested, the particle counting imprecision
increased with increasing particle diameter and decreased with in-
creasing geometric standard deviation. The particle counting im-
precision was comparable with the OSES, and the resultant MSS
map was actually the summation of imprecision and OSES.

INTRODUCTION
The assessment of risks to human health from exposure to

toxic agents in the workplace should include consideration of
particle size, because particles with different aerodynamic diam-
eters deposit in different regions of the human respiratory tract.
For this reason, size-selective sampling has been routinely per-
formed to assess airborne hazards. Meanwhile, airborne � bers
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such as asbestos, chrysotile, amosite, and crocidolite <3 ¹m
in physical diameter have been recognized as having a health
risk to workers (Lippmann 1988). These � bers are capable of
entering the human lungs and creating adverse risks. However,
many synthetic minerals, such as glass, mineral, and refractory
ceramic � bers are unable to enter the lungs, since their physical
diameters exceed 15 ¹m (Rood and Streeter 1984; Kenny et al.
1987; Hwang and Gibbs 1981; Esmen et al. 1979a,b). Thus the
size-selective samplers for sampling � bers is essential.

Currently, sampling of � brous aerosols is conducted with a
25 mm diameter � lter cassette and a 50 mm conductive cowl
(NIOSH 1994) without a size-selective device (preclassi� ers).
Only a few preclassi� ers are recommended. Vincent et al. (1992,
1993) used open-pore foams as thoracic preclassi� ers and de-
termined that the foams were likely to produce a more uni-
form deposit on the � lter surface. In 1994, Baron et al. (1994)
suggested that a shorter cowl would reduce the complexity of
the � lter deposits. A � ow straightener, such as a section of
honeycomb or open-pore foam, placed at the inlet may improve
the overall performance of the sampler, i.e., the uniformity of
the � lter deposit, although some � ber loss will result. Addition-
ally, in 1996, Baron also recommended that a size-selective � ber
sampler needed to be developed to meet the following criteria:
thoracic preclassi� cation according to aerodynamic diameter of
� bers, a preclassi� er with minimal loss for long � bers, and uni-
form particle deposition on the � lter surface. Similar works have
been done by a European collaborative project to develop size-
selective sampling methods for � brous aerosol using thoracic
samplers (Maynard 1999; Maynard et al. 1999). One of the ad-
vantages of using a thoracic sampler to collect � bers is that
less material would be collected to interfere with the counting
procedure. Finally, the results of their study con� rmed that the
3 ¹m � ber counting rule was virtually equivalent to using a tho-
racic sampler and counting all the collected � bers. However, a
size-selective � ber sampler that provides less � ber losses and
uniform � ber deposition still requires careful design and veri� -
cation. Thus performance-testing criteria should be established
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and accounted for when evaluating a size-selective aerosol count
(number) samplers.

In the 1970s, sampler performance simply focused on the
sampler’s penetration or ef� ciency curve. However, since the
1980s, performance criteria have represented a statistical deter-
mination of “how well” the sampler matches the intended sam-
pling convention (Vincent et al. 1999). Recently, many studies
have used statistical approaches to measure the sampler bias and
imprecision as a function of particle aerodynamic diameter and
to combine these items into an overall indicator of a samplers’
performance. These indicators include inaccuracy (Bartley and
Breuer 1982; Bowman et al. 1984; Bartley and Doemeny 1986;
Kenny and Liden 1989; Kenny and Bartley 1995), mean square
error (MSE) (Chen et al. 1999; Lai and Chen 2000), and one stan-
dard error shift (OSES) (Lai et al. 2000a). The differences among
the above performance-testing criteria were potentially due to
different statistical assumptions and weighting factors used to
derive the � nal overall indicator. The sampler bias and impreci-
sion in performance testing is normally presented in the form of
the fraction of mass concentration when the mass concentration
is of concern. However, when the number concentration is of
major concern, such as asbestos � ber measurement, the perfor-
mance criteria should focus on inaccuracy and imprecision in
terms of fraction of aerosol number concentration. For example,
according to the NIOSH 7400 � ber analytical method (NIOSH
1994), small and randomly chosen locations on the � lter are ob-
served and counted for all visible � bers. This method is very
likely subject to a certain degree of inaccuracy and imprecision,
which has not been systematically analyzed and identi� ed.

The OSES is a practical indicator (combining both bias and
imprecision) for distinguishing the superior samplers from the
poor samplers (Lai et al. 2000a). The number imprecision is
calculated in terms of standard error that is a function of size
distribution of challenge aerosols, total number count of chal-
lenge aerosols, number of specimens, and number of replicates.
According to the NIOSH 7400 method, the � bers are conven-
tionally collected on a 25 mm, 0.8 ¹m pore size mixed cellulose
ester (MCE) � lter and the counting requires uniformly deposit-
ing � bers on the � lter surface. However, uniform � lter deposits
might be rare in most workplace settings. The nonuniform � ber
aerosol deposition can in� uence the overall performance of � ber
analysis. For this reason, the performance testing of � ber size-
selective samplers should expand to include not only the bias
and imprecision of the sampler (both preclassi� er and adapter),
but also the nonuniformity of � lter deposits.

Image processing has demonstrated the potential to substitute
for the routine procedures of counting � bers, providing the ad-
vantage of being less time-consuming, less costly to analyze, and
requiring fewer experienced microscopists. Moreover, it could
be upgraded to include the function of calculating the uniformity
of � lter deposits (Lai et al. 2000b). The method of equivalent
area approach, used when the counting � elds exceed 100, has
been demonstrated to be a more accurate counting protocol than
both the equal distance approach and the conventional NIOSH

7400 method. Using statistical analysis and image processing
following the equivalent area counting protocol, the main pur-
pose of this study was to develop and demonstrate an overall
performance indicator (including both inaccuracy and impreci-
sion) that covered the whole sampling train, i.e., preclassi� er,
adapter, and � lter deposition. The respirable convention, instead
of thoracic convention, was chosen as the target size-selective
sampling criterion because most of the � ber-induced diseases
tend to occur in the gas-exchange region.

EXPERIMENTAL

System Setup
In studying the secondary � ow in asbestos samplers, Baron

et al. (1994) and Chen and Baron (1996) described that although
their experiments were performed with spherical or compact
particles, the behavior of � ber under gravitational, inertial, or
electrostatic forces will resemble that of compact particles with
the same aerodynamic diameter and charge level. Therefore, to
avoid exposure to � bers and to reduce the complexity of generat-
ing � brous material, we use spherical particles to obtain aerosol
penetration through the sampler and aerosol deposition on the
� lter.

Two aerosol generation systems were used in the present
study (system A and B, as shown in Figure 1). The main func-
tion of system A was for measuring samplers’ separation curves.
An ultrasonic atomizing nozzle (model 8700-48, Sonotek Inc.,
Highland, NY) was used to generate solution droplets with a
count median diameter (CMD) of 40–50 ¹m and geometric
standard deviation (GSD) of approximately 2. The solution was
drawn through a silicone tubing with a peristaltic pump (model
7519-90, Cole-Parmer Instrument Co., Niles, IL). After the sol-
vent evaporated from the droplets, the volumetric concentration
of the solution being atomized was chosen to offer the preferred
CMD. Potassium sodium tartrate tetrahydrate (PST) was cho-
sen as the solid challenge aerosols. Figure 1 reveals that prior to
introducing the aerosols into the test chamber, the aerosol out-
put from the generator was dried by � ltered compressed air and
then neutralized by passing through an annular 22.5 mCi Po-
210 radioactive source. To obtain a complete separation curve
in the size range of interest, the size distribution of challenge
aerosols was set at a CMD of 8.48 ¹m with a GSD of approxi-
mately 2.2. The aerodynamic particle sizer (APS, model 3320,
TSI, Inc., Minneapolis, MN) was used to measure the aerosol
size distribution upstream and downstream of all test samplers.
The downstream sampling train between the APS and the sam-
plers had an alternate suction apparatus to draw or supply the
auxiliary air for the samplers. Meanwhile, an aerosol electro-
meter (model 3068, TSI, Inc., St. Paul, MN) was employed to
con� rm the neutralization of particle charges within the testing
chamber.

Two prototypes of multihole impactors were fabricated pri-
marily following the design criteria recommended by Hinds
(1999) and used as preclassi� ers for � ber sampling as presented
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Figure 1. The schematic diagram of the system setup.

in Figure 2. The six-hole impactor has six holes (diameter
1.85 mm) as the sampling ori� ces. In contrast, the twelve-hole
impactor has three large ori� ces and nine small nozzles, but both
impactors have the same total ori� ce surface area. The sampling

� ow rate for both impactors was set at 3 L/min, with a 50%
cut-off size of 4 ¹m. The aerosol � ow after impaction was di-
rected into a nozzle (cone shape) expander that was designed to
produce a uniform aerosol deposition on the downstream � lter.
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Figure 2. The side view and top view of a multihole impactor (six and twelve-hole), not to scale.

A 50 mm conductive asbestos sampling cowl (Millipore Corp.,
Bedford, MA) was used as the adapter, which connected the
multihole impactor and the � lter holder. Five specimens of mul-
tihole impactors and cowls were chosen for the study and each
specimen had � ve replicates. In total, 25 replicates were mea-
sured for separation curves for each type of multihole impactor
and cowl. The sampling time was 60 s in all of the sampling
procedures. To avoid the unnecessary interference of electro-
static attraction, all samplers were grounded during testing. The
average � ow velocity in the test chamber was 0.1 m/s measured
by using an anemometer (model V-01-AN, I. Denshi Co. Ltd.,
Tokyo, Japan.). Thus the � ow � eld in the test chamber was near
a calm air condition.

System B, as shown in Figure 1, was designed to gener-
ate monodispersed aerosol. A six-jet Collison atomizer (BGI
Inc., Waltham, MA) was used to generate droplets containing
monodisperse polystyrene latex (PSL) particles (Duke Scien-
ti� c Corp., Palo Alto, CA). To avoid the sedimentation and ag-
glomeration of PSL particles in the solution, a stirring machine
(model PC-320, Corning Inc., Corning, NY, U.S.A) was em-
ployed to mix the stock solution. In contrast to the experiment
of system A, the APS was only used to con� rm the size dis-
tributions and concentrations in the test chamber. After being
generated from a Collison atomizer, the PSL particles were then
sampled on the surface of the MCE � lter. By exposing the � lter
to acetone vapor from an acetone vaporizer (model VAP 300,
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BGI Inc., Waltham, MA), the � lter with PSL deposits became
transparent and was then ready for counting under a 400X phase
contrast microscope. The equivalent area counting protocol was
applied to select 100 counting � elds from the � lter. Meanwhile,
a digital camera (Flexcam, model 999 0006-NPSCTA, Video-
Lab, Inc., Minneapolis, MN) with a resolution of 300*300 dots
per inch (dpi) captured the image of each observation � eld.
A program written in MATLAB (Lai et al. 2000b) was then
used to process the captured image and count the PSL number
concentration.

Statistical Methods
The differences between the penetration value of each sam-

pler and the international criterion at every diameter were de-
� ned as bias, which is presented as

Bias D P̄d:: ¡ SPd ; [1]

where P̄d :: is the mean penetration rate of one type of sampler
with a size of d ¹m, %, and SPd is the aerosol penetration of
particle, size d ¹m according to international criterion, %.

Mass and number bias maps were constructed with a com-
puter simulation program written in Visual Basic. The hypo-
thetical lognormal size distributions were designed to include
all possible size distributions with various CMD, which ranged
from 1.5 to 15 ¹m, and GSD, which ranged from 1.1 to 3.5. The
results were demonstrated as graphical mass and number bias
contour maps, presenting the range of mass and/or number bias
in terms of aerosol size distribution (Chen et al. 1999; Lai and
Chen 2000).

Under the binomial model assumption, the variation of a sam-
pler is affected by size distributions of challenge aerosols, total
particle number counts, number of specimens, and number of
replicates. The expectation of overall number (N) or mass (M)
standard error (SE) at the mean penetration rate of one type
sampler at d -size can be simply expressed as follows (Lai et al.
2001a):

SE(N ) D EN [SE( P̂d::)] D
Z 1

0

q
Var(P̂d ::) dN(d ); [2]

where P̂d :: is the estimator of the mean penetration rate of one
type of sampler of d -size. (P̂d :: D (1=K ¤ I )

PK
kD1

P I
iD1 P̂dki , k

was the specimen, and i was the replicate.) EN [SE(P̂d ::)] is the
expectation of overall number standard error at the mean pene-
tration rate of one type of sampler at d -size, %. Var(P̂d ::) is the
variance of the estimator P̂d ::. N (d ) is the lognormal distributed
challenge aerosols, related to the number concentration of every
diameter.
And

SE(M ) D EM [SE (P̂d ::)] D
Z 1

0

q
Var(P̂d ::)dM(d ); [3]

where EM[SE(P̂d ::)] is the expectation of overall mass stan-
dard error at the mean penetration rate of one type of sam-

pler of d-size, %, and M(d ) is the lognormal distributed chal-
lenge aerosols, related to the mass concentration of every
diameter.

The OSES can be used to combine both bias and im-
precision maps, which can reveal the overall shift of sampled
number or mass concentration at the desired size distributions
of the challenge aerosol(Lai et al. 2001b). The OSES is presented
as

OSES D (jBiasj C SE): [4]

The most accurate way to determine the number concentra-
tion of the particulate matter is to count all the aerosols on the
� lter; however, this would be time consuming and impractical.
To estimate the number concentration of the aerosol particles, the
random sampling method is more practical. Because the 0.8 ¹m
MCE � lter tended to collect all particles that penetrate the pre-
classi� er and the adapter, in theory there should be no bias in the
particle counting on the � lter, only the precision problem due to
nonuniformity. Although the equivalent area counting method
tends to select representative � elds on the � lter, the collected par-
ticles could be considered as being randomly deposited, even if
the aerosol deposits on the � lter were uniform. The estimation
of the standard error from a simple random sampling can be
expressed as follows (Cochran 1977):

SE(T̂ ) D

s

N 2
1
n

±
1 ¡

n

N

²PN
iD1 (yi ¡ Ȳ )2

N ¡ 1

¼

s

N 2
1

n

±
1 ¡

n

N

²Pn
iD1 (yi ¡ ȳ)2

n ¡ 1
¢ ¢ ¢ ; [5]

where SE(T̂ ) is the standard error of the estimator of the total
particle counts on a � lter, N is the total � elds on a � lter, Yi is the
particle counts on each � eld (i D 1 » N ), Ȳ is the mean particle
counts of all the � elds on a � lter, n is the total selected � elds
on a � lter (100 in the study), yi is the particle counts on each
selected � eld (i D 1 » n), and ȳ is the mean particle counts of all
the selected � elds.

The maximum sampling shift (MSS) can be used to combine
sampler bias, imprecision maps, andadditional imprecision from
the particle counting. The MSS is presented as

MSS D (jBiasj C SE C SEF ); [6]

where SEF is the standard error of the particle counting.
The MSS de� ned in Equation (6) simply includes all the

items with equal weight, although weighting factors for any of
the error terms can be adjusted, if necessary.

RESULTS AND DISCUSSIONS
In this work, all the tested impactors were coated with sili-

cone oil to prevent the particles from bouncing off the
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Figure 3. Aerosol penetration of PST particles through a
cowl, six-hole, and twelve-hole impactor that was coated with
silicone oil.

impaction plate of the impactor. As shown in Figure 3, the
twelve-hole impactor better � t the ISO/ACGIH/CEN respirable
convention, while the six-hole impactor exhibited a steeper pen-
etration curve when challenged with PST particles. The mech-
anisms causing the difference in the slope of penetration curves
of the six and twelve-hole impactors have been discussed in a
previous study (Chen et al. 1998) and therefore are not within
the scope of the present study. The error bar calculated from
the 25 replicates of the twelve-hole impactor and cowl repre-
sented the 95% con� dence interval of aerosol penetration. In
the penetration curve of the asbestos sampling cowl alone, a
wall loss effect was ascertained. This was presumably due to
the sampling angle of 135± (aspirational loss) and large parti-
cles (gravitational loss), in particular, for particles larger than
10 ¹m.

Figure 4a shows the bias map of the multihole impactor in
terms of percentage of number concentration with reference to
the ISO/ACGIH/CEN respirable convention. From the differ-
ences between the separation curve of impactor and the ISO
respirable convention shown in Figure 3, the impactor under-
estimated when the particles were larger than D50 (4 ¹m) and
overestimated when the particles were smaller than D50 . This
phenomenon is more noticeable when the GSD is small, as evi-
denced by the plus and minus signs of the contour maps shown in
Figure 4a. As the GSD of the challenged aerosol increased, the
underestimation and overestimation averaged out and resulted
in a smaller bias. Figure 4b shows the number imprecision map
of the twelve-hole impactor with reference to the mean separa-
tion curve. Because the variation of the 25 penetration curves
was small during the test with PST aerosols, the number im-
precision estimation was insigni� cant when compared to the
number bias map. Using Equation (4), the combination of num-
ber bias and imprecision was termed OSES and is shown in

Figure 4c. The contour map of OSES resembled the number
bias map because the number imprecision is negligible in this
case.

Figure 5 uses the same data presented in Figure 4 (number
bias, number imprecision), but converts the data into mass bias
and mass imprecision. Figures 4b and 5b share the same pat-
tern, but Figure 4 places more emphasis on small particle size
(number), whereas Figure 5 focuses more on large particle size
(mass).

All of the results shown above were completed by aerosol
generation system A producing PST particles. The aerosol gen-
eration system B (shown in Figure 1) was used to generate PSL
particles as a test agent to evaluate the particle counting variation
because the PST particles exhibited deliquescence and therefore
could not be counted easily. From Equation (5), the standard
error of particle counting on a � lter could be calculated and is
presented in Figure 6a. The sigmoid curve � tting was applied for
the standard error in each of the particle sizes and demonstrated
excellent correlation (high r-square value). The � tting curve was
then employed to the calculation of particle counting impreci-
sion. Figure 6b reveals the variability that was calculated from
the particle counting and the imprecision that was displayed as
the 95% con� dence interval of aerosol penetration. The particle
counting imprecision increased when the particle size decreased.
The variation decreased as particle size increased because the
number of penetrated particles decreased and eventually reached
zero.

The particle counting imprecision map is shown in Figure 7a.
With reference to the mean separation curve of the twelve-hole
impactor, the number imprecision of particle counting on the
� lter increased with increasing particle size, mainly because the
referenced penetration percentage became signi� cantly low as
the particle size kept increasing. This tendency could be par-
tially due to the higher inertia of large particles, which tended
to cause less uniform aerosol deposits. The number imprecision
decreased with increasing GSD because the increase in the frac-
tion of challenge large particles would be affected by the low
penetration rate and would therefore result in more uniform � l-
ter deposits. Figure 7b is a direct copy of Figure 4c, showing the
combination of bias and imprecision caused by the preclassi� er
and the adapter of the � ber sampler. The particle counting im-
precision (Figure 7a) and the OSES (Figure 7b) could be further
combined into the MSS according to Equation (6), as shown in
Figure 7c. Since the particle counting imprecision and the OSES
were in the same magnitude, the resulting particle count MSS
increased additively. From Figure 7, the � ber sampler (with the
multihole impactor as the preclassi� er and the 50 mm cowl as
the adapter) performed better when the particle size decreased
and the GSD increased.

The same procedures for deriving particle count MSS could
be applied to determine the particle mass MSS, as shown in
Figures 8a–c. The mass MSS was apparently higher than the
mass imprecision. Therefore the resultant particle mass MSS
map looked more like the particle mass OSES map.
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Figure 4. The combination of the number bias map and number imprecision map as a function of aerosol size distribution.
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Figure 5. The combination of the mass bias map and mass imprecision map as a function of aerosol size distribution.
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Figure 6. The particle count standard deviation and 95% con� dence interval of aerosol penetration of the twelve-hole impactor.

CONCLUSIONS AND RECOMMENDATIONS
A prototype respirable preclassi� er (multihole impactor) was

designed and fabricated to connect with the conventional as-
bestos sampling cowl since there is no of� cially accepted size-
selective � ber (or aerosol number) sampler. This multihole im-
pactor, although efforts have been made to improve the � t to the
ISO/ACGIH/CEN respirable convention, still showed a pene-
tration curve sharper than the target ISO curve. However, this
mismatchprovides a platform for demonstrating how to integrate

the bias, the imprecision, and the particle counting standard error
into an overall indicator.

The number bias was found to be overestimated for particles
smaller than the 50% cutoff size of 4 ¹m and underestimated
for particles larger than 4 ¹m. The number mass was also found
to decrease with increasing GSD because the overestimation
and the underestimation averaged out. For the surrogate aerosol
number sampler tested in the present study, the number bias
was signi� cantly higher than the number precision. Therefore
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Figure 7. The combination of the number imprecision map of particle count on a � lter and number OSES map as a function of
aerosol size distribution.
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Figure 8. The combination of the mass imprecision map of particle count on a � lter and mass OSES map as a function of aerosol
size distribution.



AEROSOL NUMBER SAMPLERS 95

the resultant particle number OSES resembled the number bias
map. Similarly, the particle mass OSES could be derived using
the same procedures. The major difference is that mass OSES
placed more emphasis on the large particles, while the number
OSES focused more on the small particles.

The variation of particle counting (aerosol deposits on a � l-
ter) was found to decrease with increasing particle diameter
because the number of penetrated particles decreased with in-
creasing particle size. This phenomenon was particularly clear
for particles sized in the neighborhood of the cutoff size. As to
the particle counting imprecision map, it clearly showed that the
number imprecision increased with increasing particle diame-
ter and GSD. Again, for the surrogate aerosol sampler tested,
the number imprecision was very comparable with the number
OSES. Therefore the resultant number MSS map was the sum
of the number imprecision and the number OSES. On the other
hand, the mass OSES was higher than the mass imprecision.
Thus the resultant mass MSS looked more like the mass OSES.
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