
Abstract
Acoustic emission (AE) monitoring has
successfully been implemented for vari-
ous applications in material science,1
process engineering 2 and process moni-
toring.3 Recently, AE has been used to
monitor medical inhalation devices
where it can provide feedback on
patient adherence 4, 5 and characteriza-
tion of inspiratory flow.6 We have
explored the use of AE combined with
chemometrics for evaluating inhalation
device performance in an automated
delivered dose analysis station.7 In our
setup, measurements of sound were per-
formed using a miniaturized condenser
microphone and an analog-to-digital
(A/D) converter sound recorder.
Recordings were acquired in time blocks
(3-5 seconds in length) at 192 kHz for
all dose withdrawals. Raw sound data
was stored in free lossless audio codec
(FLAC) file format and consecutive
sound time windows were produced
using an automated script. Spectra were
then calculated from the time windows
by Fourier transformation (FT). Mul-
tivariate data analysis of these spectra
was performed. Principal components
analysis (PCA) was used for overview,
and the orthogonal partial least squares
(OPLS) chemometric method was used
for detailed spectral analysis. In this
report, some of the potential benefits of
this approach are described. 

Benefits of AE evaluation
The likely benefits of incorporating
acoustic emission evaluation into
chemometric testing of inhalers are :1)
to provide an assessment and record of
device functionality during develop-
ment, 2) to facilitate clear classifica-
tion of causes when out-of-specifica-
tion investigations become necessary
and 3) to provide new opportunities
for use of analytical robots by captur-
ing acoustic meta-data. Capture of
acoustic meta-data is especially appro-
priate in a robot environment, be-
cause it is easy to fit the hardware in a
suitable manner. Also, it is beneficial
for the AE/chemometrics approach
that a significant amount of data can
be sampled to learn the appearance of
a normal acoustic profile. For exam-
ple, in conventional delivered dose
testing, only pressure drop is recorded
as a surrogate for airflow rate, but cap-
ture and interpretation of the acoustic
emission (the sounds generated dur-
ing the test) can yield important meta-
data indicating e.g., that a dose has
actually been emitted or something of
a more complex nature like a technical
problem with the device. 
The combination of AE and chemo-
metrics also allows quick and accurate
assignment of outlying delivered dose
test results to either the analytical sys-
tem (a testing error) or the devices
being analyzed (a failure of device
functionality). A particular benefit of
acoustic spectrum capture during
AE/chemometric testing is that spec-

tral analysis is fast and autonomous
and yields useful insights with princi-
pal components analysis (PCA). Fig-
ure 1 shows a PCA plot of acoustic
emission data. Further characteriza-
tion of acoustic patterns from two
formulations delivered from the same
type of device was made by the
chemometric tool orthogonal partial
least squares (OPLS).8

The acoustic signal is rich in infor-
mation and allows detection of
inhaler performance deviations very
early in the device development
process. A steadily growing database
of AE fingerprints from a large num-
ber of actuations and devices makes
it easy to detect changes over time.
Thus, efficient trending of inhaler
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Principal component analysis
score plot (t[2] vs. t[1]) of acoustic
emission results from 2 x 5 actua-
tions of two prototype inhalers,
one empty and one filled with for-
mulation; 20 spectra are present
for each actuation; the deviating
actuation can be seen to the
lower right.

Figure 4analysis of the utility of applying
various chemometric algorithms to
the sound data, 3) extending the
approach beyond dry powder
inhalers to other types of devices,
e.g., metered dose inhalers as well as
jet and ultrasonic nebulizers, and 4)
assessment of that which can be
learned through active introduction
of sound into the device, i.e., mov-
ing from passive to active acoustic
emission. 
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performance becomes possible
when key quality parameters are cor-
related to the acoustic data. Such a
correlation could become a useful
design tool when evaluating new
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inhaler. 

AE/chemometrics 
A visual representation of the acoustic
emission rig is shown in Figure 2.
Steps in the AE/chemometrics
process are listed in Figure 3. The
approach was implemented on an
automated delivered dose analysis sta-
tion, with acoustic data collected and
analyzed by software purposely
designed to select only the data of
interest (in this case, the actuation
trigger and the following flush of air).
Typically, sound data recordings of
3-5 seconds were saved for further
processing, including the Fourier
transformation of sound data in the
time window prior to multivariate
analysis. In Figure 4, results from an
AE/chemometrics analysis of two
devices (one filled with formulation
and one empty) is shown, and as
expected, a good separation between
the empty and full configuration is
obtained. Additionally, it is possible
to detect differences between sound
fingerprints of repeated actuations
within the same device. This is also
shown in Figure 4, where it is revealed
that, with a prototype inhaler, there
was a noticeable difference in acoustic
profile for one of the five actuations
from the empty device. This acoustic
anomaly was later attributed to a
technical problem with the assembly
of one of the mechanical subcompo-
nents of the device. 

Conclusions and future
directions
The use of acoustic emission analy-
sis combined with chemometrics is
a potentially powerful tool for col-
lecting system suitability meta-data
and assessment of device functional-
ity and technical performance. Sev-
eral aspects of this approach warrant
additional work, including: 1) opti-
mization of the microphone, 2)
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