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Abstract: A practical air quality instrument needs a separator that will provide a consistent aerody-
namic fraction of particles to the sensor element, rather than an unconstrained combination of coarse
and fine particles. This paper presents an inquiry into the nature of a dual-stage silicon microfluidic
virtual impactor as a practically manufacturable PMyo/PM; 5 cascade based on geometrical parame-
ters, manufacturing tolerance, simulated collection efficiency, and particle monodispersity measure-
ments. In this particular case, the separator comprises a coarse stage with Wy /D1/S1/M;/¢1 =
450/200/640/700/75 and a fine stage with Wy /D5 /Sy /My /¢ = 250/200/280/300/75, with linear
dimensions specified in micrometers and angular measurements in degrees. The simulation takes into
account air density 1.29 kg m3, dynamic viscosity 1.81 x 10° Pa s, maximum allowable deviation in
silicon-on-insulator manufacturing process 10 um, nine monodisperse aerosols from 1.5 um to 15um,
and actual testing with a TSI 6301 counter running at 2.83 L min~!. Simulated cutoff diameters are
found to be 2.55 um for fine and 9.90 um for coarse stages, using linear interpolation and logistic
function reconstruction. While having more gradual transition, the fine stage has a sharper cutpoint at
a local gradient of 0.253 ym ™, with the measured points pushing the transition point toward 3.56 pm
to 3.79 um. Coarse stage remains efficient above 50% threshold across all available monodispersive
particle sizes, thus failing to completely determine its measured transition point. The primary obser-
vation is that cascade efficiency is determined not by the presence of the two cut points but rather
by the fine-stage tolerance and stability of flow rate at the end of the cascade. Large channel width
and feed flow rate have the largest influence on performance, small channel width influences mostly
deposition, 75° branch angle determines the optimal compromise between trajectory separation and
wall impact, and channel length primarily acts as a packaging parameter. The analysis provides
a complete stage-resolved interpretation of a compact PM separator for portable air-monitoring
modules.

Keywords: virtual impactor; PMjg; PM; 5; microfluidic separator; MEMS fabrication; cutpoint fidelity;
collection efficiency; aerosol sampling; wall loss; portable air-quality sensor

1. Introduction

Precise measurements of particulate matter start before any particles enter the de-
tection mechanism. Optical scattering sensors, quartz crystal microbalances, resonant
MEMS structures, surface acoustic waves, and electrical particle counters all rely on the
size distribution of aerosols entering the sensing volume. In other words, the naming of
the PM;jy and PM; 5 fractions is not simply descriptive; there is an intrinsic requirement
for an aerosol sampling inlet that separates particles based on inertia and flow following
ability. While it is possible to construct a stable electrical or optical detection scheme, the
measurement of aerosol concentrations by such sensors alone lacks interpretability in terms
of the particular fraction relevant to human health [1-4].

It has become increasingly important to reduce the physical footprint of sampling
inlets for the reasons outlined above. Air quality monitoring has shifted away from static
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installations to more distributed and mobile instruments with denser spatial sampling. At
the same time, sensitivity to variations in humidity, refractive index, aerosol composition,
aerosol morphology, and inlet losses is typical of many miniaturized aerosol sampling
systems [5-8]. The sampler becomes an integral part of the measurement process rather
than a simple inlet. Factors like the position of the cutpoint, the slope of the cutpoint,
the degree of wall loss, flow dependencies, and the potential for manufacturing dictate
whether an inlet will allow for comparison of the output signal to regulatory PM classes or
mechanistic studies of aerosol exposure.

Virtual impactors can play an important role in these applications due to the inertial
mismatch between aerosol particles and gas flow in absence of complete collection of the
target fraction onto a solid wall. Larger particles follow the turning gas flow towards the
minor flow direction where they exit the separator along with the minor flow, whereas
smaller particles follow the major gas flow direction. Virtual impaction technology has
been developed for decades, finding application in dichotomous samplers, clean air core
impactors, highly efficient virtual impactors, and slit nozzle virtual impaction systems
[9-19]. There are clear physical underpinnings of this approach, but they also demonstrate
that there is more involved in the process of aerosol sampling than merely inertial effects of
the particles. The nozzle width, receiver spacing, fraction of minor flow, branch angle, and
velocity have to work together in order for the desired particle size to enter the intended
exit.

Miniaturization exacerbates the design issues at play. Changes in size on the scale
of micrometers affect local velocity, streamline curvature, alignment with the receiver,
and the stopping distance in relation to the width of the air channel. Examples of virtual
impactor-integrated sensing modules in air-microfluidics include personal monitors, MEMS
deposition sensors, SAW, QCM, and portable grading chips [20-26]. These devices exploit
their small volume, small sample holdup, and suitability for mass production; however,
they have poor dimensional tolerance for changes in design features. What is a small
change in dimension in a traditional particle sampler may well translate into a substantial
relative change in the dimensions of a microchannel.

The recent literature on air-microfluidic separators and MEMS has pointed out the
dependence of aerosol separation performance on the interplay of geometrical parameters
and fluid flow [27-35]. It is not just whether the expected separation of particle populations
will occur at all, but rather whether the predictions hold up in actual design and manu-
facture of a working device. The question becomes even more complex in the case of a
two-stage separator where the output of the first stage feeds the input of the second stage,
whose efficiency is crucial to generating the PM population of interest.

This paper considers a particular example of a two-stage air-microfluidic separator
consisting of silicon-based microfabrication components with a virtual impactor configura-
tion capable of classifying particles of a PMjj stream into PM;g and PM; 5 [36]. In effect,
the design consists of a coarse stage followed by a fine stage, producing three streams:
a PMjp-dominated coarse stream, an intermediate PM; 5—PM stream, and a fine PM, 5
stream. This raises the question about what geometry and design variable in a two-stage
separator define its PM;/PM, 5 identity.

The solution is achieved using stage-specific calibration rather than with a generic
analysis of virtual impactors. Efficiency points are constructed from simulated points to
get cutpoint and slope data. Measurement points acquired via tests using monodisperse
particle standards are correlated to determine whether the actual separator retains the
simulated transition. Manufacturing tolerances are mapped as fractional dimensional
uncertainty in order to allow interpretation of the same 10 pm tolerance value differently
in each stage. In effect, geometric-flow behavior is treated as a control hierarchy. Such
a structure ensures focus within the document itself on the particular separator being
considered, prevents the mixing up of the stages, and ties the numerics explicitly to
practical PM-sensor applications.
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2. Device basis and measurement record

The separator is a two-stage microfluidic system built with silicon-on-insulator sub-
strate technology. The first virtual impactor acts upon the inlet aerosol to perform the upper
separation around the PM; cutoff. The minor branch carries off the coarse fraction, while
the rest flows onward to the second virtual impactor. The second stage performs the lower
separation around the PM; 5 cutoff, delivering both an intermediate outlet for particles
from the fine class and the major flow outlet for particles in the fine fraction. This cascading
configuration makes a difference since the second stage encounters aerosols different from
those at the inlet due to the coarse classification at the first stage.

The values used in Table 1 are necessary in order to determine the physical environ-
ment of the chip. First of all, density and viscosity are required since the operation of the
virtual impactor depends on whether or not a particle is capable of retaining its trajectory
in the curved gas stream. The dimensional deviation parameter is also important. For
example, a deviation of 10 pm means very little compared to the width of the first-stage
receiver but more compared to the nozzle and spacing sizes of the second stage. Flow rate
is included as an intrinsic property of the design because an otherwise identical geometry
run at a different flow will have a different cutpoint.

Table 1. Physical inputs.

Quantity Value Role in analysis
Air density p 1.29 kgm—3 Particle-gas inertia relation
Dynamic viscosity u 1.81 x 10~° Pas Stokes drag and cutpoint scaling
Maximum dimensional deviation < 10pm Fabrication-tolerance audit
Counter flow rate 2.83Lmin ! Measured outlet counting condition
Particle-diameter span 1.5um to 15pm | Measurement support for both cut regions

The configuration presented in Figure 1 makes clear the cascading nature of the device;
it is not a combination of two devices put one after another. This is because the upstream
branch extracts a coarse-rich flow before reaching the second stage. As a result, it is
the downstream fine stage that classifies the final PM; 5 particles, however its input is
affected by what happened upstream. Any attempt to average out both stages will miss the
connection between them.

PM2.5-10

Figure 1. Two-stage separator.

The roles in Table 2 show that the measured performance of the final outlet depends
most strongly on the downstream virtual impactor. The first stage must keep coarse parti-
cles from overwhelming the downstream classification, but the PM, 5 meaning of the final
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stream is assigned by the second stage. This distinction underlies the later interpretation
that the fine stage is the critical stage for functional accuracy even when both simulated
cutpoints appear close to the desired PM thresholds.

Table 2. Stage functions.

Circuit element Intended aerodynamic role Outlet interpretation
Stage 1 virtual impactor | Coarse decision around the PMjj range | Minor outlet enriched in particles above the coarse threshold
Interstage stream Aerosol passed after coarse removal Feed for the fine decision stage
Stage 2 virtual impactor | Fine decision around the PM, 5 range Final fine outlet and intermediate PM; 5-PMj( stream

First, the difference in dimensions seen in Table 3 suggests that the tolerance risk
should be applied differently to the two stages. Note that the major and minor widths
of the fine stage are substantially lower than those in the coarse stage. As the particle
classification process is determined by the ratio between inertia stoppage behavior and gas
curvature at the channel scale, any given error will be more pronounced aerodynamically
for the fine stage. Although the common branch angle of 75° means that both stages have
been designed under similar receiver angles philosophy, the difference in geometries places
them into different sensitivity regions.

Table 3. Stage geometry.

Stage W (pm) | D (pm) | S (pm) | M (pm) | ¢ ()
Coarse stage 450 200 640 700 75
Fine stage 250 200 280 300 75

Figure 2 illustrates a physical understanding of the two outlet choices. Bigger particles
continue their rectilinear motion when the flow deviates from its path and hence are sorted
towards the coarse-rich branch. Smaller particles tend to follow the curvilinear path defined
by the fine stage outlets and are chosen by the second virtual impactor. It is important to
note that the separator is an inertial classifier and thus should not be viewed as a filter with
a single-pore size.

Figure 2. Particle-path selection.

The metrology perspective illustrated in Figure 3 illustrates that the nominal drawing
is related to the operating separator through their shared process deviation occupying dif-
ferent percentages of the active channel widths. The use of silicon-on-insulator technology
provides excellent dimensional repeatability, and the deviation value of not greater than
10 pm provides good manufacturing results. However, the aerodynamic significance of the
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deviation can be considered only in terms of its location. If one considers a deviation value
of 10 pm, it becomes 2.2 % of the width of the first stage (W;) but 4.0 % of the second stage
(W,); and approximately 1.6 % of S1, but 3.6 % of Sp. These fractional differences justify
treating fabrication tolerance as a performance variable rather than as a simple process
note.

Figure 3. Dimensional metrology.

The standard-particle set in Table 4 is well positioned for the PM; 5 neighborhood
because it includes 2.0 um, 2.5 pm, and 3.0 pm particles. This density of particle sizes makes
the fine-stage displacement visible. The coarse region is less tightly sampled. Particles
of 9.0 um, 10.0 um, and 15.0 pm place the first-stage response in the correct aerodynamic
range, yet the gap between 10.0 um and 15.0 pm limits the precision with which a measured
coarse dsp can be located.

Table 4. Particle standards.

Standard | Diameter (um) | Dosage (g) | Particle count
S1 15 0.20 5.38 x 10°
S2 2.0 0.20 2.27 x 10°
S3 25 0.20 1.16 x 10°
S4 3.0 0.30 6.74 x 10°
S5 5.0 0.20 1.45 x 108
S6 7.0 0.10 5.30 x 108
S7 9.0 0.14 2.49 x 108
S8 10.0 0.20 1.82 x 108
S9 15.0 0.30 5.39 x 107

The measurement chain illustrated in Figure 4 suggests that the reported efficiencies
are system-level properties. Aerosol generation in a 10L gas bag, chip transfer, aerosol
collection at the outlet, and subsequent counting with the TSI 6301 at 2.83 L min " all play
a role in the recorded efficiency. This fact needs to be taken into account in the analysis.
In fact, a discrepancy between a theoretical prediction and a measurement cannot always
be attributed to a single parameter. It might be related to size distribution, flow pattern,
particle generation, wall interaction, counting error, or some combination thereof.

One must bear in mind the context of the measurement data. The maximum count rate
is observed at the minimum particle size, and the number of available particles is very low
beyond the 15 pm standard. This distribution is typical of practical aerosol experiments,
as it is easier to aerosolize smaller particles than larger ones. It implies that the fine-stage
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measurement benefits from a dense and particle-laden series of standards, whereas the
coarse-stage measurement relies heavily on a few large-diameter particle checks. This
situation is clearly not balanced between the two cutpoints, and it needs to be reflected in
the reliability of the corresponding measured transitions.

Counter

PARTICLE COUNTER

SIZE (um)  CoNc. (#/1)

Aerosol bag Y oot 515
Chip < 871e4

1.48e4

3425

1.07e3

213e2

..~......

1.5-15pum

Figure 4. Measurement setup.

The basis of the device explains why it is relevant for compact aerosol sensing and
not just for aerosol sampling in the lab. A microfabricated cascade of channels can be
positioned immediately upstream of a detector, minimizing the volume of aerosol in transit
and thus eliminating the uncertainty that stems from measuring the aerosol in a pipe after
classifying it. While such placement was an attractive design principle behind many MEMS-
based aerosol instruments, it is of use only if the transfer function of the aerosolizer is well
characterized [37]. This particular geometry thus needs to be evaluated as a combined
separator-detector unit: the aerosol classification must be sufficiently precise to enable a
meaningful measurement by the downstream detector.

3. Reconstruction of the performance of the cascade separator

Inertial separation in terms of a Stokes number definition is the starting point of the
physical discussion. For a particle with a diameter d,, entering a characteristic channel of
width W, and gas velocity U, the corresponding dimensionless value may be expressed as

2
= o (1)

where p, is the particle density, C. is the slip correction factor, and y is the gas dynamic
viscosity [1,2,9]. The formula describes the fundamental tradeoff between the parameters of
a micro-virtual impactor. Smaller channel size and larger velocity improve particle inertial
discrimination but increase the likelihood that a particle will collide with the wall.

Stage collection efficiency is considered a function of the outlet probability with respect
to diameter. In general, the response for stage i can be formulated as follows:

Ni classified (4)

. d — 1,classiiie , 2
where N; dassified Tepresents the count belonging to the classified output stream, while
N; in is the number of particles incoming into the stage. The reason why such definition is
adopted lies both in the fact that the available evidence is provided in terms of stagewise
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efficiency points only, and the decision of avoiding any assumption about the combined
inlet process performed by both stages.

Cutpoint estimation with linear interpolation is performed for pairs of neighboring
points (dg, 775) and (dy, 775) that bracket 7 = 0.5. The cutpoint of interest is calculated as
follows:
0.5 -1,
Mo —Ma
The resulting value allows a straightforward reading of a possible cutpoint from the points
table; however, the lack of an underlying assumption about curve shape becomes both a
merit and drawback since no valid estimation of cutpoint is produced if the measurements
do not bracket 50

A logistic function is chosen to represent a smooth response function:

d50 1in = da + (dp —da). 3)

B Tu —1L
n(d) =mn+ 1+exp{k(d—dsy)}’ X

where 77 and 7, stand for limiting values of efficiency, and k controls the sharpness of
transition. Note that the choice of such representation does not imply any new model
assumptions for particle transport processes. Instead, it is used solely as a tool to interpolate

stagewise points and measure transition characteristics.
The local transition sharpness is evaluated as

(5)

A large value of Ssp indicates that fewer particle diameters occupy the ambiguous part
of the curve. This quantity is especially important for a cascade because an apparently
well-centered cutpoint may still perform poorly if the transition is too gradual. Conversely,
a sharp simulated transition may be operationally fragile if a small dimensional or flow
perturbation moves it away from the desired PM boundary.

Simulation-measurement agreement is summarized by the mean absolute error and
root-mean-square error,

10
MAE = P Z|77meas,j - Tlsim(dj) ’ (6)
j=1
12 1/2
RMSE = n Z{Umeas,j — Msim (dj)}z . )
=1

These values are interpreted as stagewise diagnostic quantities rather than as universal
pass-fail scores. A small error can still be incomplete if the measured points do not bracket
the cutpoint. A larger error near PM; 5 may be more consequential than a comparable error
far from a regulatory or health-relevant boundary.

Fabrication tolerance is expressed as a fractional deviation,

AXmax
Tx = Y (8)
where Axpmax = 10 um and x is a nominal channel dimension. This conversion is needed
because tolerance has no single aerodynamic meaning in a multi-scale cascade. The same
process deviation represents 5.0 % of the 200 pm depth but only 1.4 % of the 700 um first-
stage minor width. The downstream stage is therefore expected to be more vulnerable to
dimensional drift, especially through W, S», and M.

The reconstruction procedure follows the physical order of the device. Stagewise
simulated points are first converted into linear and logistic cutpoints. Measured points are
then compared against the corresponding simulated trends. The geometry-flow variables
are finally interpreted in relation to cutpoint movement, transition sharpness, and wall loss.
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This order keeps the analysis tied to the cascade: geometric design creates the predicted
transition, fabrication tolerance modifies the realized geometry, and measurement reveals
how the operating device expresses that geometry under particle loading and flow.

The method also preserves a distinction between interpolation and extrapolation. A
cutpoint bracketed by measured or simulated points is treated as a local result because
it lies inside the observed diameter interval. A transition estimated outside the available
measured points is treated only as a tendency. This distinction is essential for the coarse
stage, where the measured values remain above 50% through 9.899 um. The numerical
extrapolation can suggest where the crossing may lie, but it cannot replace direct particle-
standard evidence in the PM; region.

Another reason for using both linear and logistic reconstructions is that they answer
different questions. The linear value answers the immediate engineering question of where
the two neighboring points cross the 50% threshold. The logistic curve gives a smoothed
interpretation of the whole available response and permits a slope estimate. Agreement
between the two estimates increases confidence in the cutpoint, while disagreement would
indicate that the transition is either poorly sampled or not well represented by a single
smooth curve. In the present separator, the close agreement for the fine stage supports a
robust simulated PM; 5 cutpoint, whereas the measurement comparison reveals that the
operating device shifts away from that ideal.

4. Performance assessment
4.1. Location and sharpness of the two separation windows

The simulated response in Table 5 places the fine-stage transition almost directly at
the PM; 5 threshold. The value at 2.516 pm is 0.509, which means that a small interpolation
interval is sufficient to locate the fine d5. The coarse stage is centered near PM;( but changes
more gradually. Its response remains 0.571 at 9.009 pm and falls to 0.370 by 11.529 pm.
The two stages therefore do not have identical response shapes. The downstream fine
stage is closer to a sharp classifier, while the upstream coarse stage behaves as a broader
preseparator.

Table 5. Simulated response.

Fine stage Coarse stage
d (ym) 7 Response zone | d (um) /i Response zone
0.503 | 0.759 plateau 6.016 | 0.757 | high-efficiency side
1.007 | 0.755 plateau 7.069 | 0.721 | high-efficiency side
2.516 | 0.509 cut region 8.007 | 0.665 upper approach
3.520 | 0.255 | fallingbranch | 9.009 | 0.571 cut approach
4507 | 0.139 | lowerbranch | 11.529 | 0.370 post-cut side
6.016 | 0.090 lower tail 13.520 | 0.336 lower tail

Table 6. Cutpoint estimates.

Quantity Fine stage | Coarse stage
Linear dsg (um) 2.552 9.899
Logistic dsp (ym) 2.547 9.656
Approximate d¢ from logistic fit (#m) 4.250 not bracketed
Local slope at ds, Sso (ymfl) 0.253 0.080
Logistic-fit RMSE 8.63x10~* | 3.50x 1073

The values in Table 6 support two conclusions. The linear and logistic ds5p estimates
are nearly identical for the fine stage and close for the coarse stage, so the main cutpoint
locations are not artifacts of the reconstruction method. The slope values, however, differ
strongly. The fine-stage slope is more than three times the coarse-stage slope, which means
that the fine stage gives a tighter transition around its nominal threshold. This tighter
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transition is useful for PM; 5 discrimination, but it also makes a displacement of the fine-
stage curve more consequential because a small shift can move a substantial part of the
near-threshold particle population to the wrong outlet.

This separation is evident from the Figure 5 as the fine-stage curve falls steeply in the
area between 2.5 ym and 4.0 um, while the coarse-stage curve remains high all the way
into the PMj region. This difference in transition zone positions is the key aerodynamic
characteristic of the design, since it allows for creation of the coarse, intermediate, and fine
streams. If these transition zones were too close, no clear distinction between the streams
could be achieved; similarly, the curves would have to be narrowly spaced to minimize
overlap of outlet fractions. The current set of curves, therefore, suggests that a two-stage
virtual impactor design is preferable to a one-stage compromise design.

100 - S

80 -

fine stage

60 - dso = 2.55 pm

40

Simulated collection efficiency (%)

20

Particle diameter (um)

Figure 5. Simulated cutpoints.

The fine-stage curve, in turn, is positioned with the purpose of distinguishing between
particles close to the 2.5 pm threshold. As discussed earlier, the number of particles in that
region is significant in many aerosols, especially urban. Therefore, any errors in the PM; 5
cut will be highly consequential. An upward shift in the position of the fine-stage transition
line results in the reclassification of the particles in the question, thus having a critical effect
on the PM; 5 performance. In contrast, the coarse stage does not contribute directly to the
final classification; a possible moderate uncertainty in the coarse slope would be limited
only to the intermediate stream. Therefore, the highest priority should be given to the
second virtual impactor.

The coarse stage, being a preliminary filter, does not need to produce accurate size cut-
offs; instead, the task is to reduce particle load for the downstream classifier. Consequently,
the transition zone of the coarse stage curve is wider, which means that the transition itself is
more uncertain. However, since the purpose of the first stage is to ensure proper operation
of the downstream fine classifier by filtering out the largest particles, there may be no issues
associated with this type of error. In fact, it may be reasonable to use a coarse transition
centered near the PMjg region as long as the intermediate outlet is treated properly.

4.2. Measured alignment of the operating cascade

The measured response in Table 7 identifies a difference between simulated and
operating behavior. The fine-stage value at 2.727 pm is 0.629, higher than would be expected
if the simulated transition centered exactly at 2.55 pm under the same conditions. The value
at 5.253 ym falls to 0.321, so the measured fine response does cross the transition region, but
at a coarser effective diameter. The coarse-stage points remain above 0.5 through 9.899 ynm,
preventing a direct bracketing of the measured coarse cutpoint.
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Table 7. Measured response.

Fine stage Coarse stage
d (ym) | Ymeas Position d (um) | Ymeas Position
0.707 0.789 fine side 7.020 0.789 | high-efficiency side

2.727 | 0.629 | transitionside | 8939 | 0.689 upper approach
5253 | 0.321 lower side 9.899 | 0.622 still above 50%

The results provided in Table 8 confirm the importance of the fine stage for proper
calibration. Namely, the measured transition point is found to be about 3.56 pm to 3.79 yum.
This value corresponds to an 1 pm shift compared with the simulated cut-point, which is
significant in terms of PMj 5 threshold and will affect near-threshold particle detection in a
miniature sensor. At the same time, the coarse stage errors appear to be smaller, but they
are not less worrying as the measured points remain above 50% throughout. Hence, the
coarse channel responds consistently with PM; classification, but still, it cannot provide
exact resolution at the transition.

Table 8. Agreement measures.

Diagnostic quantity Fine stage Coarse stage
Measured linear transition diameter (ym) 3.785 not bracketed
Measured logistic transition diameter (xm) 3.557 11.687F
MAE relative to reconstructed simulated trend 0.137 0.100
RMSE relative to reconstructed simulated trend 0.157 0.103
Interpretation upward fine-stage displacement | measured dsy > 9.899 ym

fThe value is an extrapolated tendency from three points and is not treated as a directly supported measured
cutpoint.

As shown in Figure 6, the fine-stage transition can also be described visually by using
the graph data. The measured points remain above the simulated curve through the range
near PM; 5 boundary, indicating that the device under consideration detects a fraction of
particles bigger than 2.5 pm on the fine-stage high efficiency side. The shaded area within
the range of 3.56 pm to 3.79 nym emphasizes the aforementioned shift. The effect is not an
inconsequential graphical shift; rather, it alters the aerodynamic signature of the fine outlet,
and hence it should be mentioned when the device is employed as the front end of PM; 5.

Collection efficiency

I —— simulated

® measured
! MAE 0.137

dso 2.55 pm RMSE 0.157

—
3.56-3.79 un?

0.01%

1 2 3 4 5 6
Particle diameter (um)

Figure 6. Fine-stage transition.

The evidence shown in Figure 7 must be understood differently than the fine stage
result. While the measurements approach the 50% line and cross below it at 9.899 um, the
inference of a cross around 11.69 pm reflects only an extrapolative trend rather than fully
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bracketed evidence. The distinction protects against overstating the PM; validation effort.
In this case, the coarse separator appears to point in the right direction, but further particles
in the range 10 pm to 13 pm will confirm the measured crossing.

0.8 '
> \ —
(&)
5}
3 0.6
&
o 50%
S i
3 Sk i
© 044 3 i
] sl
© I

®  measured
0 2 s simulated
11.69 ym
0.0 T T T T
i 8 9 10 1" 12 13

Particle diameter (um)

Figure 7. Coarse-stage bracketing.

An immediate benefit for future efforts can be derived from the results presented
here. Future standards ought to be concentrated in regions of ambiguous evidence, such as
those observed in the present case. With respect to the fine stage, standards falling within
2.5um to 4.0 um could aid in determining the true displacement of the cutpoint. Similarly,
standards covering 10 um to 13 pm on the coarse stage would directly bracket the 50%
crossover point. In either case, adding more evidence distant from these transition points
provides fewer benefits than concentrating more points in the critical region.

A direct consequence of measuring the fine stage displacement can be identified when
considering PM; 5 monitoring. In other words, the output detector is not concerned with
the cutpoint at 2.5 um itself, but with the aerosols emitted from the working chip. When
shifted upwards, the transition line implies that particles in the approximate range 2.5 um
to 4.0 pm will contribute to the final output stream more than assumed in simulation. This
point is relevant due to the importance of PM; 5 beyond its mere definition [1,4,5].

4.3. Geometry-flow priorities and wall-loss compromise

Variable effects as shown in Table 9 show why the design of the separator must follow
a hierarchical design strategy as opposed to setting a standard tolerance for all variables.
Major flow width and inlet flow directly modify the inertia relationship described by Eq. (1).
Therefore, they exert the most direct effect on cutpoint location and curve shape. Minor
flow width has more of a relation with depositional control since too much width in the
receiver channel could drag trajectories into wall-impacting streams. Channel length has
less of an aerodynamic effect, as classification takes place mostly around the region between
nozzle and receiver.

The branch angle of 75° warrants independent analysis as well. As the angle becomes
closer to the right angle at 90°, the separation becomes more abrupt, leading to more likely
particle collisions with the wall as opposed to being inducted as part of the classified
stream. On the other hand, a more shallow angle would reduce the likelihood of such
collisions. The chosen value, however, cannot be considered purely aesthetic but a practical
combination of both abrupt decision making and wall loss control.
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Table 9. Control variables.

of the fine boundary.

. . Effect on wall .
Variable Effect on separation . . Design consequence
interaction
Larger S weakens .
o Smaller S increases . . .
. . transition sharpness . . Highest dimensional
Major-flow width . . wall interaction near 2
and reduces isolation . priority.
S the receiver.

Smaller influence on

Larger M increases

Deposition-control

Minor-flow width . loss through broader . :
M the cutpoint than S. turned paths. dimension.
A larger angle A larger angle also An angle of 75°
Tilt angle ¢ sharpens trajectory raises the risk of wall provides a balanced
separation. impact. receiver configuration.
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The annotated device view shown in Figure 8 provides a manufacturing rule based on
these results. The fine stage must have priority protection through controlled S, receiver
alignment, and flow rate. The coarse stage can afford to approach the PM;g target more
loosely because of its greater transition width. The width of the minor-flow channel should
be set for optimal deposition rather than being the primary tuning variable for cutting
PMjj. Length can be optimized in the second step after the geometry of the active part of
the separator is established, assuming no unacceptable pressure drop or packaging issues.

major width

inlet flow

75° branch

minor width

Figure 8. Geometry controls.

The actual measured displacement of the fine stage cutpoint can be explained along
the same lines of hierarchical reasoning. An effective increase of S in proportion to spacing,
a slight reduction in local velocity, or a difference in outlet-flow split compared to the
assumed simulation value would push up the fine cutpoint. As the fine stage operates with
smaller sizes, the relative effects would be proportionally increased in comparison with the
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coarse stage. Thus, the data reveal not only a problem to be solved but its likely locus in
the space of engineering variables.

This problem would be more complicated in the case of S and Q, since both affect the
same inertial criterion. Reducing channel width leads to increased average flow velocity
and thus decreases the length of the near-wall turn trajectory. Similarly, increasing flow
rate will make the turn sharper. These two factors have opposite effects on the cutpoint
threshold: both can lower it but increase wall approach and thus deposition. This is
why a separator cannot be tuned by flow alone after manufacture. Adjusting flow might
compensate the shift of cutpoint threshold but would also lead to higher deposition and
modified flow split.

In this context, the influence of minor-flow width becomes clear as well. By changing
the way near-receiver flow joins the classified flow stream, M controls the probability of
collision with the side wall for particles with intermediate velocities. As a result, M can
be considered as a parameter for deposition control rather than for tuning of cutpoints.
The same can be said for the classical virtual impactors: their performance depends upon
the proper ratio of the secondary to inlet flows and the geometry of the receiver [38]. The
present microdevice follows that older principle at a smaller length scale.

4.4. Discussion of findings

The primary research question was how effective the two-stage PM;(/PM; 5 separa-
tion cascade actually was. It turns out that the cascade is characterized by two kinds of
effectiveness. First, the coarse stage ensures that the upstream classification decision is
made close to the PM;g border. Second, the fine stage classifies particles as PM; 5, determin-
ing whether the outlet flow can be trusted in further processing. Thus, this cascade-level
response is more valuable than a simple statement about the presence of two cutpoints,
since it highlights what stages of the design require calibration and process control.

The predicted cutpoints seem realistic. Specifically, the fine stage’s cutpoint at a
diameter of about 2.55 um is close to the lower bound for PM; 5 definition, and the coarse
stage’s cutpoint near 9.90 pm coincides with the PM;( border. These cutpoints match the
expected characteristics of an inertial cascade as well as the results of the literature on
virtual impactors, according to which decreasing nozzles and increasing flow velocities lead
to the shift of cutpoints downwards [10,14,27,28]. Also, the higher slope of the fine stage
curve is plausible due to the tight geometry used for the fine stage forcing the transition
within a narrower range of particle diameters.

The empirical results imply a slightly more nuanced conclusion. The fine stage shows
a shift of the transition to a larger diameter compared to the simulation, while the coarse
stage does not have measurements for the immediate vicinity of the crossing point. This
result should not be considered as a flaw in the cascade’s performance. Instead, it reveals
the difference between a geometrically promising design and a properly calibrated PM
inlet, which is crucial for creating a portable particle size sensor. The separator can support
portable PM detection and classification when the realized transition is confirmed by
measurements under similar flow and loading conditions.

The tolerance analysis provides further support for this conclusion. A 10 pm tolerance
represents excellent fabrication in most MEMS processes, although it does not carry the
same weight for all dimensions in this particular separator. At the fine stage, this tolerance
equates to 4.0 % of Wy, 3.6 % of Sy, 3.3 % of My, and 5.0 % of D;. All of these percentages
represent significant deviations from the ideal geometry, capable of displacing the local
flow field around the aerosol receiver. At the coarse stage, where dimensions tend to be
larger, an equal tolerance results in a relatively minor deviation of the active geometry.
The operating data provide mechanical justification for the relative importance of these
tolerances as well; the fine-stage dimensions are more critical.

The second important constraint is wall loss. One could theoretically optimize towards
a finer threshold by reducing the width or increasing the flow rate until the threshold is
attained. However, wall loss would lead to the deposition of particulate on the channel
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walls instead of allowing for classified aerosol to be delivered to the outlet port. This
is the reason that virtual impactors remain attractive options for PM monitoring. The
variable table and design map make it clear that S and Q are effective and dangerous
controls respectively, and that M and ¢ determine how much of the separation translates
into classification.

The separator serves to highlight the necessity of calibrating portable PM modules
at the device level as opposed to making assumptions about component performance.
Whether counting particles, employing a laser detector, or using a resonant structure to
measure particle load, one expects a measurement of whatever has been sent into the
instrument. In the case where the fine-stage transition has been designed too coarse, the
measured value may overestimate particles exceeding the nominal PM 5 limit. Similarly, a
loose tolerance on the coarse stage means the intermediate fraction contains more particles
than intended. Calibration of portable modules is essential to account for transfer function
differences between devices [5-8].

As seen in the application-oriented configuration of Figure 9, the three streams will
be made available in the form of functional streams in the sensing module or the inlet
collection system. The figure is illustrative since it changes the interpretation from the point
of view of a chip to a deployable inlet. The portable monitor will depend on the PM;j,
PM; 5-PMj, and PMj, 5 streams, but the nomenclature of the streams will make sense only
after the verification of the transitions under the flow conditions at which the instrument
operates.

PMSENSING SYSTEM 2

:1”00 L/min =\ il L

PM2.5-10
RUNNING

PM2.5

Figure 9. Sensor-ready outlets.

There are several caveats about the interpretation. The sampled stagewise points
have been sparsely populated, especially the coarse cutoff area. The standards have been
monodisperse test particles without ambient aerosol complexity of non-uniform shape,
hygroscopic behavior, and variable refractive index. The characterization has depended
on efficiency points and the geometrical deviations as opposed to the three-dimensional
flow fields within the chip. None of these caveats makes the conclusion invalid; it defines
the extent to which the present evidence can take the matter. The device exhibits cascade
performance, and its fine-stage PM, 5 identity will be established by fine-stage calibration
under the operating flow condition.

A targeted approach to the validation procedure is better than a generic approach
involving the expansion of all measurements. Specifically, additional fine-stage particles
of diameter 2.5um, 3.0 pm, 3.5 pm, and 4.0 um will locate the upward-shifted cutpoint.
Moreover, particles in the coarse stages of 10 pm to 13 pm range will establish whether the
cutpoint matches the theoretical value or is above. Finally, repeated runs of the flow at
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2.83 L min~! will determine whether the displacement of the cutpoint results mainly from
geometry or from the operation of the flow. Such a targeted approach is dictated by the
data itself, and not some generic urge for more data points.

The design takeaway is that the separator needs to be specified not by the drawings,
but by its cascading response in practice. For manufacturing, the fine-stage parameters must
receive top priority: major width, receiver distance, and branch angles. Flow stability must
be maintained during operation, since it is directly involved in the balance of the Stokes
number. In reporting, the simulated and measured cutpoints should both be provided,
with their brackets in terms of particle standards. Such a reporting convention will make
comparison across MEMS platforms easy and make it easier to identify promising layouts
from calibrated inlets.

An additional consequence of the reinterpretation is that a different standard is re-
quired for judging completeness of the manuscript. To be fully specified in this context,
a manuscript must connect together the aspects of CAD geometry, fabrication parame-
ters, estimated cut points, tolerance analysis, and operating conditions. Reporting the
geometry without the particle-standard cut points leaves the realized separator uncharac-
terized. Reporting the measured points without the tolerance analysis leaves unexplained
the increased vulnerability of the fine-stage cut point. Reporting the cut points without
interpreting them in terms of wall loss overstates the classification quality. The complete
description is therefore the combined one: a properly aligned cascade whose subsequent
transition must be controlled and characterized since it defines the fine particle stream.

Another consequence relates to issues of reproducibility. The key information required
to reproduce this result is not merely the list of dimensions, but also the mapping of
dimensions onto cut point estimates. For future replication of a nominal design, the critical
information is not merely the nominal dimensions, but the actual realized values of W,
S, M, the branching angle, the operational flow rate, and the measured transition points.
Absence of that information may hide important differences in PM; 5 capture efficiency.
This is analogous to other challenges in low-cost PM sensing, where even nominally similar
devices may have substantially differing performance due to lack of characterization of
inlet geometry and calibration [6-8].

Another way in which the present interpretation links this microfabricated device
with the broader tradition of dichotomous particle separation is by reference to its classical
antecedent. Virtual impactors were originally conceived to perform size-selective sepa-
ration of aerosol streams without requiring complete collection on an impaction surface
[11,12,19]. However, there is a key difference: conventional samplers can usually accom-
modate relatively large machining errors in relation to dimensions in millimeters, whereas
MEMS designs can translate the same absolute errors into larger deviations in effective flow
channel dimensions. Therefore, the current device illustrates how an existing aerodynamic
principle needs to be reinterpreted in the context of microfabricated structures.

Finally, it influences how the device must be communicated to portable monitor
users. Instead of simply reporting that a given instrument has a PM;/PM, 5 separator,
it must also specify the fine-stage transition, the flow rate, and the particle standards
used for establishing the cut region. Such information is not mere extraneous detail: it
is essential for determining the comparability of PM, 5 concentrations measured using
different sensors. Indeed, as the range of portable monitoring expands, the importance of
inlet characterization will become comparable to detector calibration. Only through inlet
characterization can the specific aerosol reaching the detector be known [5,7,31].

5. Conclusions

Which of the stages and variables control the fidelity of this particular PM;o/PM; 5
separator? The conclusions can be drawn: (a) fine stage controls the fidelity of PM; 5 stream
formation, (b) coarse stage acts as a preconditioner, and (c) simulation yields cutpoints at
roughly 2.55 um in the fine stage and roughly 9.90 um in the coarse stage. These locations
are appropriate to a PM cascade, and fine stage features a sharper transition.
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Measurable evidence makes this answer more specific: (a) fine stage indicates sub-
stantial displacement in PM transition toward 3.56 pm to 3.79 pm; (b) coarse stage does not
bracket PM transition; (c) efficiency remains above 50% till 9.899 pm. The separator can
thus be regarded as a realistic compact cascade whose PM; 5 fidelity needs downstream
calibration and tolerance adjustment. Designing the separator for such purpose, one can
identify: (a) major-flow width and inlet flow as principal variables controlling cutpoint
and sharpness; (b) minor-flow width as a variable controlling deposition behavior; (c)
75° receiver angle as a compromise between separation effectiveness and wall collision
probability; and (d) channel length as a subsidiary variable. Given 10 um tolerance, the fine
stage is more sensitive than the coarse stage, hence calibration and tolerance adjustments
need to be performed primarily in the downstream virtual impactor. In sum, the paper
finds the answer to the research question: the fine stage, major-flow width, and inlet-flow
conditions determine the ability of this separator to serve reliably as a PM;o/PM, 5 inlet for
portable air-quality sensing.

One can conclude that the main contribution of the work in question is that the
device must be considered an inlet-calibration issue, not just an advance in the field of
microfabrication. The aerodynamic structure is given by geometry, but the transition
determines the stream entering the sensor. Compact air-monitoring units therefore require
a well-defined approach to design and testing: controlled flows, cutpoint validation, and
report of PM boundary transition points.

What follows, then, is the conclusion that the separator should be approached not
only as a micro-fabricated structure but also as an inlet-calibration device. It provides the
desired aerodynamic configuration, but it is the transition measurement that determines
the flow supplied to the detector. In the case of miniature analysis units, the proper choice
is thus an airflow cascade that includes fine stage dimensions, transition measurement on
the PM; 5 edge, and documented cutpoint range. All this transforms a potentially useful
separator into a reliably sampled interface.
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