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Summary 

In this paper Acoustic Emission (AE) technology is used to assess inhaler performance. The aim of the AE 
approach is to 1) perform accurate measurements of timings/events related to device performance, 2) improve 
metadata capacity for analysis, and 3) capture deviations or trends in inhaler performance. By applying this 
technology consistently and long-term, it is envisioned that AE will provide data as an aid for designing in 
robustness in the technical and mechanical performance of the inhaler. In this study, two types of Acoustic 
Emission measurements were performed on a marketed Dry Powder Inhaler (DPI). In the univariate mode, AE 
was used for measuring timings of inhaler (and analysis robot) operations. The parameter of interest in this 
particular application was the Time to Trig (TtT), defined as the time from start of the flow until the inhaler triggers. 
TtT, which is linked to device performance, was easily and accurately determined for 9 device units, and was 
found to correlate well to trigger flow. In another mode of AE assessment, a chemometrics approach was used. 
Here, the raw sound data was Fourier transformed to frequency spectra, which were fed into a multivariate 
analysis software. Principal Components Analysis (PCA), as well as Orthogonal Projections to Latent Structures 
(OPLS), with unit variance scaled data were used for spectral analysis. Some applications are shown, focusing on 
how and to what degree the acoustic pattern changes with different actuations within the same device and 
between devices filled with different formulations. It was concluded that the passive Acoustic Emission 
chemometric approach described will detect also subtle differences in device performance or formulation 
characteristics. If the AE data is interpreted correctly, it is envisioned that this technology will be aiding future 
product and device development projects.  

Introduction 

Acoustic Emission (AE) monitoring has successfully been developed for various applications in the areas of 
Material Sciences 

[1]
, Process Engineering 

[2]
, and, manufacturing of pharmaceuticals (drug compounds and drug 

products) 
[3]

. AE has also been used in monitoring applications to medical inhalation devices. Examples include 
patient adherence assessment 

[4-5]
 and characterization of inspiratory flow through the device generated by the 

patient 
[6]

. We have extended the exploration of AE into the use in inhalation device development by monitoring 
the acoustic data of units being analysed on an automatic platform 

[7-8]
. The aim of our approach is that the 

technology will 1) significantly improve metadata capacity for automated inhalation unit analysis, 2) capture 
potential deviations in inhaler performance from “normal” indicative of a possible future use in production, and 3) 
assist in designing in robustness in the technical and mechanical performance of the inhaler. Acoustic technology 
is very versatile and can be used for several different applications in device analysis. In this paper the flexibility is 
illustrated in two different measurement applications on a marketed dry powder inhaler (DPI). In the univariate 
mode AE was used as a simple, fast and accurate tool for measuring timings of inhaler (and analysis robot) 
operations. The parameter of interest, known to be indicative of inhaler performance, was Time to Trig (TtT), 
which is defined as the time from start of the flow until the inhaler triggers. Time to Trig was accurately determined 
for 9 device units, and was found to correlate well to trigger flow. In the multivariate mode of Acoustic Emission 
analysis, the complex but information rich acoustic signal is assessed and interpreted using a multidimensional, 
chemometrics based approach. Here, the raw sound data is Fourier transformed to frequency spectra, which are 
fed into a multivariate analysis software. Principal Components Analysis (PCA) 

[9-10]
, as well as other algorithms 

[11-12]
, with unit variance scaled data are used for spectral analysis. Some applications are shown, focusing on how 

and to what degree the acoustic characteristics changes 1) for different actuations within the same device, 2) 
between two devices within the same batch, and, 3) between devices filled with different formulations. 

 

Experimental 

The device used in this study is a multi-dose, breath actuated DPI, which delivers a metered dose from an internal 
bulk reservoir (cartridge). The dose is deagglomerated in the dispersion unit which consists of a cyclone and a 
mouthpiece. The inhaler has multiple feedback mechanisms for successful inhalation, both an audible click and a 
colour indicator. The audible click, or triggering of the inhaler is a flow dependent mechanical feature within the 
inhaler. The inhaler typically triggers at between approximately 30 to 40 lpm. The time to trig (TtT) parameter will 
in this paper be defined as the time from start of flow to the triggering action. 
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Figure 1. Schematic of the Acoustic 
Emission analysis process.  
FT = Fourier Transform 

An automated measuring station was used for dose withdrawal at 65 
lpm. A special rig was used to incorporate the AE system in the robot 
environment with the microphone positioned close to where device 
actuation takes place. A microphone, AKG C 417PP 20-20000 Hz 
omni-directional, phantom powered condenser type was employed. 
The microphone was coupled to the A/D converter (M-Audio 610 
Profire, 24-bit/192kHz digital audio) which in turn was connected to the 
computer via a firewire interface. A LabView based software, 
specifically designed to record 3-5 seconds time segments of interest, 
i.e., in connection with the audible actuation sound, was specifically 
designed for this purpose.  The sound was recorded for all dose 
withdrawals at 96-192 kHz, 1 channel, using the software Audacity 
v2.0.6 in Windows 7. Raw sound data was stored in Free Lossless 
Audio Codec (FLAC) file format. Consecutive sound time windows 
were made using a Python library (scikits.audiolab v 0.11.0). 
Frequency spectra were then calculated from the time windows by 
Fourier transformation (FT). Multivariate data analysis of spectra was 
performed 
in Simca-

P (v13.0, MKS Umetrics, Sweden). Overlapping time 
windows in 0.1 seconds increments were extracted 
from the sound file. For each inhaler actuation, 
spectra were collected throughout the whole 
collected time chunk. Each window was multiplied by 
a Hann function to reduce frequency aliasing before 
the FT was applied. Spectra from the consecutive 
windows were put as observations in a table for 
further multivariate processing. Here, Principal 
Components Analysis (PCA) 

[9-10]
 with unit variance 

scaled spectra was used for unsupervised overview. 
Also, Orthogonal Projections to Latent Structures - 
Discriminant Analysis (OPLS-DA) 

[11-12]
 was used to 

find spectral differences between e.g. different 
formulations. The system was set up for both 
univariate and multivariate analysis, as shown schematically in Figure 1. 

Results and Discussion 

 Univariate analysis. Here, 9 device units were 

analysed, either empty or filled with lactose, and 
prepared for the purpose of this experiment with a 
variation in trigger flow (37 – 50 lpm). Acoustic data 
were automatically collected in time segments of 
approximately 3 seconds in length. A typical acoustic 
trace is shown in Figure 2.  The different acoustic 

peaks can be allocated to either robot events or 
device operations. Peaks #1 to #3 were confirmed to 
be robot mechanical events. Peak #4 can be 
identified as the flow start since the background 
change, i.e. the baseline is broader, after this signal. 
The trig operation is easily determined since it is a 
very distinct and audible sound, giving a sharp peak. 
Hence, the time between peak #4 and the trig peak is 
determined to be time to trig. It was observed that by 
varying the flow rate and rise time, TtT changes, 
which is to be expected. Also, a filled inhaler 
delivering inhalation powder slightly reduces the 
pressure drop as long as particles are circulating inside the cyclone (classifier), hence giving a slightly longer TtT 
when compared to corresponding empty inhalers. In Figure 3, time to trig data is presented as a function of trig 

flow. The TtT values correlate well to the trig flow and the measurements are reproducible. 

Figure 3. Time to trig data plotted versus the trig flow rate 
determined for the individual devices. 

Figure 2. Acoustic trace from dose withdrawal. See text for peak 
assignments. 
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Multivariate analysis. Here, acoustic data were collected for a large number of inhalers filled with different 

formulations. The collection was done in time segments typically in the range 3-5 seconds. In this mode, the 
entire acoustic signal, with a multitude of frequencies being recorded for every time unit, is utilised. To a degree, 

every actuation sound is unique, 
with its own acoustic fingerprint type 
of pattern. As a consequence, it is of 
value to assess what type of 
differences or changes in the sound 
that reflects a true change in quality 
or performance. Also, equally 
important is to ascertain whether a 
sound change is related to the 
device being analysed or to the 
analysis station, i.e. a potential 
performance issue with the robot. 
AE has been shown to be a quick 
and accurate indicator of device 
performance 

[7-8]
. Hence, for the DPI 

investigated in this work, acoustic 
signals have been analysed by 
collecting sound data from a huge 
number of drug development 
analyses. Thus, a database of 

acoustic data is gradually created. This will form the basis for determining a normal sound pattern versus a signal 
that indicates a change that is truly related to the quality and the performance of the inhaler. For the device 
investigated in this work, which is available in a 30 and 60 actuations configuration, the sound pattern from the 
individual actuations, at least 
if they are close to each other 
in the device life, are very 
similar. For actuations far from 
each other in device life, there 
will be a small difference in 
the acoustic profile, as 
illustrated in Figure 4. Here, 

in the PCA plot there is a clear 
separation between shots 
early versus late in device life. 
This difference is due to that 
the cartridge is emptied as the 
end of inhaler life is 
approaching, thus creating 
another acoustic resonance 
behaviour. Depending on the 
aim of the AE investigation 
and the underlying analytical 
task, the focus can shift from 
looking at differences within 
the same device to 
comparisons between devices 
or batches of devices. An 
example of this is shown in 
Figure 5. Here, an Orthogonal Projections to Latent Structures - Discriminant Analysis (OPLS-DA) 

[12]
 plot of 

sound data from 3 identical devices but filled with different commercially available carriers. The plot demonstrates 
a separation between the batches in relation to their respective sound characteristics. These two examples clearly 
demonstrate the capability of the technology to probe for very subtle differences in sound and potentially, device 
and performance characteristics. 

 

Figure 4. PCA (scores 1, 2) of AE data from actuations numbers 1, 59 and 60, 
respectively, from the same device. 

Figure 5. Orthogonal Projections to Latent Structures - Discriminant Analysis (OPLS-
DA) plot of AE data from inhalers filled with 3 different carriers. Further understanding 
of the differences can be done by spectral analysis of the OPLS loadings.  
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Conclusions 

Earlier work has shown that for a prototype DPI, AE is a technology capable of e.g., distinguishing between filled 
and empty cavities in the different prototype DPI design variants, while also providing very useful metadata for 
quality control of the analysis since the technique is sensitive to changes in e.g., flow rate [7-8]. The concept has 
now been extended to another type of DPI, where the dose is loaded from a bulk reservoir instead of from 
separate cavities. Acoustic emission analysis, in the univariate mode, has also been used for determining timings 
of events of significance to inhaler performance, e.g. Time to Trig. Also, it is noted that the cyclone action, which 
is designed for effective dispersion of inhalation powders such as adhesive mixtures, in the investigated device 
creates a very dynamic acoustic profile that can be linked with the fluid dynamic particle and air flow activity. 
Experiments with different configurations have shown that also subtle differences in device or formulation 
characteristics often result in clear separations with regards to the AE chemometric profile. The passive AE 
chemometric approach described here will develop as the database of acoustic data for different 
inhaler/formulation configurations grows. However, many aspects of this efficient, yet very affordable concept, can 
be investigated and developed further. As an example, future work will include directed experiments with many 
different formulations, varying widely in characteristics.   
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