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The Next Generation Impactor
(NGI™)—Manufacturing Control:
Part I. Nozzles

The multi-stage cascade impactor (CI) has been, for more
than 30 years, the mainstay for in vitro testing of orally
inhaled products (OIPs) for aerosol aerodynamic particle
size distribution (APSD) and derived parameters, such as
fine particle fraction. There are several designs of CI in the
pharmaceutical compendia from which the developer of
an OIP may choose for inhaler evaluation. However, it is
only since the development of the Next Generation
Impactor (NGITM) at the turn of the 21st century that
there has been an apparatus purpose-built for testing of
OIPs.1

This article is the first of two explaining the rationale and
outcomes of the manufacturing controls for the NGI
(now over serial number 1,300) that have been devised in
the past years. The first article emphasizes improvements
in the control of the stage nozzle diameters, because that
feature is the most important one affecting the aerody-
namic size-fractionating performance of the impactor.
The second article will explain the importance of both fix-
ing and controlling the distance from the nozzles to the
collection surface (“jet-to-plate” distance), as that parame-
ter is the second-most important factor affecting the aero-
dynamic size-fractionating performance of the impactor.
In the late 1990s, the pharmacopeial compendia recog-
nized a variety of CI apparatuses, including the Andersen
eight-stage, non-viable impactor (ACI), the four-stage
and later five-stage, multi-stage liquid impinger (MSLI),
and the five-stage Marple-Miller impactor (MMITM).
Apart from the last example, which utilized sample collec-
tion cups enabling easier API recovery than from flat
plates, the other apparatuses had been developed for non-
pharmaceutical use. In the case of the ACI, its original

purpose was as a room air quality sampler, hence, the
then-standard operating flow rate of one actual cubic foot
per minute (ACFM; equates to 28.3 L/min) was used ini-
tially for the evaluation of pressurized metered-dose
inhalers (pMDIs). Importantly, none of these apparatuses
had a robust manufacturing specification resistant to
effects that might reduce precision and accuracy for the
control of the diameter of the nozzles associated with each
stage; yet  these diameters are the primary critical measures
that determine the aerodynamic size at which a given stage
size-fractionates the incoming aerosol particles.
Furthermore, the use of inappropriate materials for man-
ufacture (albeit acceptable for environmental aerosol sam-
pling) resulted in performance changes with repeated use
in the more chemically challenging role as an apparatus for
laboratory testing of pharmaceutical products. In particu-
lar, unanodized aluminum was the standard material in
the manufacture of ACIs, a material that is relatively soft
compared with stainless steel. However, more impor-
tantly, aluminum is amphoteric, resulting in reports of sig-
nificant corrosion from contact with either acidic or alka-
line solutions.2 In addition, aluminum immediately forms
a non-conducting oxide layer when exposed to air, result-
ing in the potential for surface electrostatic charge accu-
mulation that may then interfere in testing certain OIP
classes, particularly dry-powder inhalers (DPIs) but also
including pMDIs, whose aerosols are intrinsically charged
during the atomization process.3 Because of instability in
materials of manufacture, users were forced to recalibrate
their CIs with monodisperse particles of known aerody-
namic diameter covering the overall size range within
which the apparatus functioned, a process that could take
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Table 1

“Must” Specifications for the Next Generation Impactor

M-1 Automatable (but suitable for manual operation); Manual system must be equivalent to automated sys-
tem; Flow paths must be identical for manual and automated equipment

M-2 Operates over a range of flow rates from 30-100 liters per minute

M-3 Calibration data for the flow rate range of 30-100 liters per minute are available; 
*Published specification that fully defines performance and engineering tolerances

M-4 Capable of fully characterizing the “less than 10 µm” cloud size range

M-5 needs right number of stages at right cut-offs (independent of flow rate) 
*Minimum of 5 stages 0.5-5 µm; One stage between 5 and 10 µm plus high capacity stage at 10 µm or higher
(pre-separator)

M-6 The stages will be followed by a micro-orifice filter that is 90% efficient for particles larger than or equal to 
0.2 µm aerodynamic diameter (or smaller particles)

M-7 efficiency curves for stages must be appropriate
*efficiency curves as steep as possible (GSd for stages <1.2)
*GSd for all stages similar
*Overlap between stages is minimized

M-8 deposition profile unaffected by stage loadings (up to 10 mg)

M-9 Operates using defined entry conditions
* Basic design of USP throat is acceptable for initial design
=> needs improved connectivity
=> must be “designed for manufacture”
Accepted that current throat is in vitro model

M-10 The empty volume of the impactor must be no more than 1.5 liters, measured from the inlet of the USP inlet to
the exit of the impactor body, including the preseparator

M-11 low wall losses; not more that 5% on any stage and not more than 5% total on all stages

M-12 Good drug recovery (mass balance)
* less than 2% carryover between successive determinations for same strength products
* drug must be at a level of “not detectable” when changing between products

M-13 no bounce/re-entrainment
*Collection substrate prevents re-entrainment

M-14 Capable of being grounded; Unaffected by static

M-15 Physically robust

M-16 Constructed using inert/robust materials (can use common solvents); no extractives from o-rings

M-17 Good accuracy and precision (± 5%)

M-18 Operator independent (no statistical difference between results between independent laboratories)

M-19 Acceptable to regulators/Pharmacopoeia

M-20 designed and manufactured to ISO 9000 or equivalent

M-21 Applicable to all single shot inhaled delivery systems (MdIs, dPIs, aqueous inhalers)

M-22 easy to qualify and validate in the laboratory
Acceptance criteria based on quality control of jet sizes

M-23 Fast 
*Cycle time of less than 30 minutes for manual determinations
*Automated cycle time to be reviewed later
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upwards of a month per CI to complete at considerable
expense. Adaptations were subsequently developed to the
basic ACI configuration to permit its use at selected flow
rates in excess of 28.3 L/min for the assessment of aerosols
from DPIs.4 But again, there was no robust manufactur-
ing specification for these modified stages and these
designs violated the then-known nearness-of-nozzles cri-
terion,5 with the potential for reduced accuracy and preci-
sion in the size fractionation process for the affected stages. 
In addition, the design of the pre-separator used with the
ACI primarily for DPI assessments resulted in poor size-
selectivity compared with that of the impaction stages.
Consequently, the effective cut-off diameter (ECD),
defined as the size at which 50% of the incoming particles
are collected, was so close to the ECD of the first ACI stage
that it starved that impaction stage of particles that should
otherwise have penetrated to this component.6 The MSLI
and MMI could have been chosen as alternatives to the
ACI, but the industry-required resolution of at least five
data points for the measured APSD within the critical
range of 0.5 to 5.0 µm aerodynamic diameter, particularly
for US-based regulatory submissions, effectively pre-
cluded their use.
To avoid these and other technical deficiencies and enable
a truly user-friendly experience for inhaler testing techni-
cians, the pharmaceutical companies who sponsored the
development of the NGI established a robust set of
“must” requirements for this new impactor (Table 1).1

The development program included the manufacture and
testing of an “archival” NGI whose individual stage nozzle
diameters were manufactured to be as close as possible to
their nominal design values, a step that avoided the need
for periodic and lengthy calibrations of individual NGIs
with reference particles with known aerodynamic diame-

ter. The archival apparatus was calibrated using reference
particles at 15, 30, 60 and 100 L/min,7, 8 thereby establish-
ing an archival calibration defining the aerodynamic per-
formance for all NGIs, provided their stage nozzle and
other critical dimensions remain within the tolerance
specified in the pharmacopieal compendia.
The NGI met these “must” requirements from the outset.
However, the manufacturing, which now takes place
under an ISO 9001 quality system, has improved in the
past 15 years to address the issues of long-term, routine use
in a regulatory environment. These improvements have
been implemented hand-in-hand with a heretofore absent
theoretical understanding of the performance of multi-
nozzle cascade impactor stages, thereby providing trace-
ability of APSD measurements to the international length
standard.9, 10 Because of these traceable methods, users can
be confident that when MSP Corporation shipped NGI™
serial number 1,300 in early 2016, it performed aerody-
namically in the same manner as the first NGI that MSP
shipped in June 2001. And now, even more importantly,
users can expect to retain APSD measurement precision
in routine use for the foreseeable future, provided their
NGI is well-maintained.

Nozzle diameter: The core of cascade
impaction
As the first approximately 100 NGIs were produced, early
reports by users were positive.11 In some cases, regulators
requested a comparison of the historical ACI to the newly
available NGI.12 Despite this favorable reception, to the
surprise of one of us (DLR), the user community did not
have a definition of an acceptable nozzle diameter, much
less for the large number of nozzles on a typical impactor
stage. 

Figure 1
Effective diameter of all stage 3 NGI nozzle pieces (24 individual nozzles per nozzle piece) 
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Furthermore, a quantitative definition of an acceptable
nozzle diameter or “average” diameter for a multi-nozzle
stage was absent from the international pharmacopeial
compendia (USP, Pharm Eur and equivalent), even
though at the same time, the idea was articulated in the
USP that periodic verification of the nozzle diameters by
optical inspection, termed “stage mensuration,” would be
worthwhile. They stated, “Because jets can corrode and
wear over time, the critical dimensions of each stage,
which define that impaction stage’s calibration, must be
measured on a regular basis. This process, known as stage
mensuration, replaces the need for repetitive calibration
(using standard aerosols) and ensures that only devices
that conform to specifications are used for testing inhaler
output.”13

A quantitative definition of nozzle tolerance had already
been articulated in the NGI design paper.1 Indeed, this
definition came to the European Pharmacopoiea in Sep-
tember 200414 and to the United States Pharmacopeia in
January 2005,13 several months before the nozzle dimen-
sions of the 30-year-old Andersen impactor came to the
USP in April 2005.15 However, as users began to have
“used NGIs” and sent them to MSP Corporation for stage
mensuration, they consistently wanted to know what to
do if one or more nozzles were found to be outside the
requirements for a new impactor, as defined in the
USP/Ph.Eur. The answer to this question was provided
by extending the theory of inertial impaction to include a
definition of Effective Diameter (D,eff) as a measurable
“average” nozzle diameter defining the aerodynamic per-
formance of a multi-nozzle stage.9, 10 This process, by even-
tually linking stage cut-off diameter to D,eff through mea-
surable quantities, established the basis for a proper inter-

pretation of stage mensuration data in terms of CI perfor-
mance for measuring OIP APSDs. But perhaps more
importantly, it made us think more about what the speci-
fications should be for a truly acceptable impactor at the
time of its manufacture.

Effective diameter, new impactors and
in-use margin
No user wants to buy a product that, after one use or a few
uses, goes out of specification. So although the USP and
our own design paper placed a tolerance range on nozzles
for newly manufactured NGIs, we at MSP had to ask our-
selves whether anyone would really consider an impactor

Figure 2
In-use margin of all stage 3 NGI nozzle pieces (24 individual nozzles per nozzle piece)
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Figure 3
Example of nickel detachment from the nozzles

of the MOC
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“in specification” if all of the nozzles were on the edge of
the compendial tolerance range. Or worse, would nozzles
of a given CI truly be “in specification” if alternate stages
had nozzles on the opposite extreme edges of their toler-
ance range? Because most users have multiple CIs, we con-
sider that either of these “technically in specification” out-

comes are, in practice, burdensome situations for users. In
the first of these cases, out-of-tolerance (OOT) results at
the time of optical inspection a year later are virtually
assured. In the second example, even the best technician is
not going to achieve mass-per-stage equality from one
impactor to another, even assuming that the OIP-deliv-

Figure 4

Improved number of nozzles in MOC after serial number 640 
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Figure 5

Improved repeatability of each nozzle diameter on the MOC after serial number 640 
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ered aerosols have the exact same APSD, also inevitably
leading to an OOT situation.
The reason that the introduction of the concept of “effec-
tive diameter” (D,eff) was so important is that it estab-
lished, in terms of impactor theory, an analytically mean-
ingful “average” diameter for judging the aerodynamic
performance of a given impactor stage (Equation 1.): 

D,eff = (Area mean diameter)(2/3) • (Area median diameter)(1/3) [1]

This relationship, applied to each size-fractionating
stage, is sufficient to assess acceptability of the aerody-
namic performance of the entire CI. To make it even
easier for users to see at a glance whether their NGI is
likely to remain in specification during use, we have
now defined the In-Use Margin (IUM) as a measure of
how close the given CI stage is to its tolerance limit
(Equation 2):

IUM  = ( )• 100%    [2]

IUM quantifies where the aerodynamic performance is
in relation to the tolerance range for a given CI stage.
Thus, an IUM value between 0% and 100% indicates
that the stage is acceptable aerodynamically. An IUM
value of 100% means that the (D,eff) of the stage is
exactly equal to the nominal design value; an IUM
value of 0% means that the D,eff of the stage is exactly
on the edge of the tolerance for the stage. And finally, if
the IUM value is less than 0%, the stage fails the used
impactor acceptance criteria.
MSP has tracked the IUM of every multi-nozzle stage
(more accurately called a “nozzle piece” because a stage
includes the collection surface as well as the nozzles) for
every new NGI. For the first 400 or so NGIs, the IUM
values were merely “whatever they happened to be.” But
to respond to the reasoned user desire to ensure that their
particular NGI does not go out of specification quickly,
we improved our own internal acceptance criteria to be
that all new nozzle pieces have an IUM of at least 50%.
Achieving this goal enabled users to be far more confi-
dent that an annual optical stage mensuration would
enable sufficient quality control for any individual
impactor, substantially reducing the probability of
OOT results.
As an example, Figures 1 and 2 show values of (D,eff)
and IUM for all stage 3 nozzle pieces for NGIs having
serial numbers from 1 to over 1,300. The specification
for all new nozzles on stage 3 of the NGI is 2.185 mm ±
0.020 mm, so that the range of the y-axis in Figure 1 has
been scaled from 2.165 mm to 2.205 mm (a tolerance of
± 0.020 mm). Early on, until we truly understood and
could therefore control nozzle manufacturing methods
at the micron-size scale, we were happy to get nozzle sets
“in specification.” As a result, for NGI serial numbers
between 1 and approximately 400, there were some noz-

zle pieces with zero IUM and some with 100% IUM.
After mastering the elimination of small burrs and other
potential physical defects, as well as observing nozzle
piece after nozzle piece by microscopy-image analysis,
we have been able to coach our machinists to hit the
mid-point the first time, all the time, by intention rather
than just hoping that the nozzles would be in the “mid-
range” of tolerance.
This type of quality monitoring at manufacture gives us
the ability to respond proactively if any manufacturing
process starts to drift away from its norm. For example,
in Figure 1, it appears that the accuracy of the stage 3
nozzles began to drift between serial numbers 900 to
1,200. Once a trend or an amplification of random vari-
ation from the norm is detected, root-cause analysis can
take considerable time and effort. However, by being
proactive, we found that we can control the IUM to be
well within the middle of its acceptable range even when
we are solving problems that may have come up. (Our
worst IUM figure in this time period was 65%.)

Nozzle control and the micro-orifice
collector 
The micro-orifice collector (MOC), comprising 4032
nozzles, each close to 70 microns in diameter, is an
innovative concept that replaces the traditional back-
up filter following the size fractionating stages of a CI.
(A filter can be difficult to service in a semi- or fully-
automated NGI system.) From the outset, we did not
associate an “effective diameter” nor an “in-use mar-
gin” with this nozzle piece because its function is qual-
itatively different than that of a traditional impaction
stage. Nevertheless, the robust nature of this compo-
nent is critical to the long-term viability of an NGI of
any given serial number.
Early users told us that the nickel coating on the MOC
could be removed from time to time with cleaning, espe-
cially if aggressive (Figure 3). We addressed this concern
by learning to manufacture each MOC in 316 stainless
steel without any nickel coating. Furthermore, we can
now routinely achieve highly round nozzles with all
4,032 nozzles fully open (Figure 4); the USP specifica-
tion merely calls for more than 4,000 nozzles to be open.
The nozzle sizes on the MOC now are substantially
more uniform, resulting in a much smaller relative stan-
dard deviation associated with the diameters of the noz-
zles on the MOC (Figure 5).  Furthermore, users are
more free to implement appropriately aggressive clean-
ing strategies in routine use, so as to avoid OOT results.

Conclusions
The NGI is the first CI developed intentionally for the
purpose of laboratory assessment of aerosols from OIPs,
and the design was guided by a corresponding set of
user-defined requirements. Consistent and improved
manufacturing has been key to meeting the demands for

Tolerance - |Nominal Diameter - Effective Diameter| 
Tolerance
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high quality from industrial users in their highly regu-
lated environment. We devised the concept of effective
diameter and its associated in-use margin to establish a
quantitative measure of the quality of both new and used
impactors. The challenges that we have had to address
include micron-level control of nozzle diameters and
premature failures of a now-outdated MOC manufac-
turing method. We have achieved manufacture of all
NGIs such that the apparatuses are not only fit-for-pur-
pose at the time of acquisition, but can regularly be veri-
fied as remaining so, by means of optical inspection/men-
suration methods that are in widespread use. The
improvements we have described in this article have pro-
vided users with assurance that their NGIs will continue
to serve their intended purposes for many years to come. 
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Watch for the second article in this series, on the impor-
tance of fixing and controlling jet-to-plate distance,
which is the second-most important factor affecting
impactor aerodynamic size-fractionating performance.
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