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Figure 1 - Manual Delivered Dose Station Equipped with an 
Acoustic Emission System 
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Summary 

In this paper an approach is presented where acoustics and multivariate data analysis were applied to 
pharmaceutical inhalation device characterization. A feasibility study was performed where a set-up of two 
miniaturized condenser microphones and an analog-to-digital (A/D) converter was used to monitor the sound of 
inhalation devices being analysed in either a manual or in an automated delivered dose analysis station. A rig was 
used to incorporate the Acoustic Emission (AE) system, offering flexibility regarding the placement of the 
microphones. The raw sound data was Fourier transformed to frequency spectra, which were fed into the 
multivariate analysis software. The main aim of the study was to assess whether AE could be used to derive 
device performance information, but also act as a system suitability test of the analytical system. It was shown 
that this is a powerful technique capable of distinguishing between filled and empty cavities, for example, and 
between powder mixtures with different properties in the inhalation device, giving an indication on the type and 
amount of formulation that is used. Valuable metadata (e.g. detecting small differences in pressure drop) related 
to the quality of the analytical process could also be acquired. AE can be used to detect differences and provide 
valuable data on several levels, e.g. between two batches of inhalers or between two inhalers from the same 
batch exhibiting minor differences in physical properties that may affect the inspiratory sequence. Early 
exploration results on AE as a design aid in the development of a new prototype dry powder inhaler (DPI), is 
presented here. Special attention is paid to what possibilities various chemometric approaches can offer in terms 
of data handling of the information rich acoustic signal. 

Introduction 

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

[1]
 and Process Engineering 

[2]
. AE has also been adopted for process monitoring in 

manufacturing of pharmaceuticals (drug compounds and drug products) 
[3]

. In particular, passive AE monitoring 
offers solution opportunities that are cost efficient and easy to implement in Process Analytical and Control 
Settings. Recently, AE has also been used in monitoring applications to medical inhalation devices. Examples of 
this include patient adherence assessment 

[4]
 and characterization of inspiratory flow through the device 

generated by the patient 
[5]

. In this paper, we extend the exploration of AE into the potential use in inhalation 
device development and manufacturing by monitoring the acoustic data of units being analysed on an automatic 
platform. The aim is that the technology will: 1) significantly improve metadata capacity for automated inhalation 
unit analysis; 2) assist in designing in robustness in the technical and mechanical performance of the inhaler; 3) 
capture deviations and inhaler performance from “normal” indicative of a possible future use in production, and; 4) 
offer a very affordable, yet sensitive monitoring application for a key analysis, i.e. Delivered Dose Uniformity 

testing. 

Experimental 

A standard Next Generation Impactor (NGI) set-up 
consisting of an USP inlet, the impactor with a filter, 
a trig-box and a manometer was used in the 
delivered dose mode at 2 kPa pressure drop. The 
set-up is shown in Figure 1. Sound measurements 
were performed using miniaturized condenser 
microphones and an A/D converter. Two 
microphones - AKG C 417PP 20-20000 Hz omni-
directional, phantom powered condenser type – 
were employed. These were 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. The sound was 
recorded in one time chunk for all dose withdrawals 
at 192 kHz, 2 channels, using the software 
Audacity v2.0.6 in Windows 7. After the recording, 
the single time chunk was split into individual sound 
tracks for each dose withdrawal using the large 
sound spike present in the beginning of the 
prototype DPI dose release. Raw sound data was 

stored in Free Lossless Audio CodecFLAC) 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 (v13.02, MKS 
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Figure 2 -  PCA Scores (1,2) of Acoustic Emission Data from Two Inhalers 
(empty and full) with Triggering Events Captured from Cavities 1-5. UV scaled 
PCA scores (1, 2).  Spectra are present for each cavity 

Umetrics, Sweden). Overlapping time windows in 13 ms increments were extracted from the sound file. For each 
inhaler actuation, spectra from 20 time windows were used. A relatively high overlap between time windows was 
set in order to catch the variations in the short transient at the beginning. 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) with 
unit variance scaled spectra was used for unsupervised overview. Also, Orthogonal Projections to Latent 
Structures - Discriminant Analysis (OPLS-DA) was used to find spectral differences between e.g. different powder 
loads and powder mixtures. It should be noted that the approach will need to be optimized depending on both 
what kind of analytical set-up to be used (manual NGI or robot platform), but also on the purpose of the 
investigation, i.e. if there is a particular deviation from normal inhaler behaviour that is targeted. 

Results and Discussion 

Initial tests of the system included, for example, a fairly straightforward experiment where AE analysis was 
performed on two design variants of the prototype DPI containing a ring with 30 prefilled cavities. One prototype 

variant contained 
cavities filled with 
formulation whereas the 
other variant was 
assembled with a ring of 
empty pockets. The two 
prototype variants were 
analysed in the manual 
set-up described in 
Figure 1. Further, and as 
described in the 
Experimental section, 
acoustic emission files 
were acquired on both 
unit configurations.  

A script was used to 
perform the Fourier 
Transform calculations 
and the lining up of the 
files to be prepared for 
multivariate processing 
in the SIMCA software. 
The results from those 

calculations are shown in Figure 2.  The Unit Variance scaled PCA of the acoustic spectra revealed a nice 
separation between the spectra from empty and full inhaler cavities. Interestingly though, the acoustic trace from 
cavity 1 in the “Empty” configuration was clearly different from the other four data sets. This reflects the fact that 
for some individual units of that particular prototype DPI design variant, there was a problem related to leakage of 
that particular cavity. This small leakage resulted in that the acoustic emission trace became distinctly different 
from the triggering sounds from cavities 2-5.  

Another experiment was performed using 3 fairly similar DPI model formulations, differing in drug load (%API), 
and, to a minor degree, in concentration of lactose fines and Magnesium Stearate. Two dose deliveries for each 
formulation were recorded. The results from AE measurements are shown in Figure 3. The chemometric 
processing resulted in a very clear separation of the formulations based on their respective sound pattern. Thus, 
the AE technology appears to be sensitive to detect also small changes in the dynamics when similar formulations 
are released from the DPI. It can also be noted that there is a separation between cavity 1 and cavity 2 in terms of 
sound pattern. This is to be expected since the unit will give a different resonance with 29 (as is the case for shot 
#1) versus 28 (for shot #2) filled cavities. Hence, for this particular type of inhaler shots 1-30 will give 30 different 
acoustic emission traces. This is valid when comparing the sound traces as this detailed level and probing for 
very subtle differences in sound. For the application with filled and empty cavities, presented in Figure 2, the 
difference between the respective cavities are covered by the comparably large difference in sound 
characteristics between the filled and empty unit. 
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Figure 3 -  PCA (scores 1,2) Plot of Acoustic Emission Data from 
Six Dose Deliveries (3 inhalers with different formulations, 2 
cavities/inhaler) 

Figure 4 – Screen Save of Acoustic Emission Traces from an Automated Robot Analysis of Seven Inhalers. 

The acoustic emission feasibility study was also extended to include automated inhalation analysis. In this set-up, 
the two AE microphones were 
mounted on steel rods in the 
robot platform. The position of 
the microphones were adjusted 
so that they were in close 
proximity (but not touching) the 
prototype DPI units when in the 
dosing position in the robot. 
The microphone for channel 1 
was placed as close as 
possible to the mouthpiece of 
the unit being tested. The 
channel 2 microphone was 
positioned above the center of 
the unit. No other adjustments 
of the acoustic emission data 
acquisition system hardware 
were needed in the adaption to 
the automated analysis 
platform environment. Due to 
the feasibility nature of this test, 
sound was acquired in one big 
chunk for all analysed 
prototype DPI units. The sound 
track was then split into 

individual FLAC files for each dose delivery. Further use of AE would be facilitated by sound acquisition trigged by 
the robot to be more robust, i.e. independent of the sound characteristics in frame identification. 

With this set-up, 7 units were analyzed in the “discard” mode, i.e. the robot performed all unit operations as during 
a normal Delivered Dose (DD) analysis, but no wash-down followed by UV analysis of the sample were 
performed. Hence the turn-around times for each analysis are considerably shorter than for a regular DD analysis. 

In Figure 4 a screen shot of acoustic emission traces from an automated robot analysis of 7 inhalers is presented. 
The top trace shows 7 times 30 spikes corresponding to 210 actuations captured by the channel 1 microphone, 
The bottom trace shows the corresponding data for the channel 2 microphone, It is  noted that already prior to the 
chemometric data treatment, i.e. by just looking at the raw data sound intensities, some interesting observations 
can be made. Focusing on the channel 1 trace, differences in the variation of the individual spikes within each 
analysed unit can be noted. Prototype DPI unit #2 have very little variation compared to, for instance, units 1 and 
3. No other tests performed on these or other prototype DPI units from the same batch indicate that there should 
be any difference in performance as measured by traditional quality indicating methods, thus indicating that the 
AE technology is very sensitive and can detect minute differences between units. Focusing on individual cavities 
and actuations, a difference can be detected for actuation #14 for unit 5, i.e., the spike from that actuation 

appears visibly “thicker” in the raw data plot. Indeed, an abnormality turned up for this particular cavity/actuation in 
the normal meta-data collection process, giving a significantly higher than normal pressure drop value for this 
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actuation. This in turn, typically means that a greater resistance was encountered, possibly related to the welding 
process, when opening the lid above that particular activity. 

Conclusion 

In this study, it was shown that AE shows great potential in being a technologically capable of, for example, 
1) distinguishing between filled and empty cavities in the different prototype DPI design variants, 2) providing very 
useful metadata for quality control of the analysis since the technique is sensitive to changes in e.g., flow rate, 
and 3) feeding valuable data into the DPI design process. It is interesting to note that AE can be used to detect 
differences and provide valuable data on several levels, depending on the type of application addressed. For 
instance when set up in a robot environment it can be used to evaluate robustness of individual DPI units from e.g 
two batches. Moving to another level, and by just adjusting the chemometric approach employed, several DPI 
units within the same batch can be compared to each other. On an even more detailed level, different actuations 
within the same DPI unit can be compared. The ambition now, is to refine and apply this technology in a regular 
fashion end especially in the robotic platforms, aiming to utilize its full potential in both day-to-day analytical 
applications but also as a general tool in device design and technical development.  
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