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a b s t r a c t

The effect of device geometry and film characteristics on the performance of several passive flutter-
induced dispersion DPI prototypes was investigated. Device resistance measurements indicated that the
type of films, type of device geometry and specific device dimensions significantly affects the airflow
resistance of the device. It was found that airflow resistance was positively correlated to the turbulence
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generated within the device. In addition, in vitro deposition studies indicated that the device geometry
and film properties have a significant effect on aerosol dispersion performance. From these studies,
selected prototypes were observed to have improved aerosolization performance without significant
increases in device resistance. With further device design optimization, flutter induced dispersion DPI
may be highly efficient mechanism for drug deaggregation and aerosolization.
evice resistance
ext generation impactor

. Introduction

Dry powder inhalers (DPIs) are devices through which a dry
owder formulation of an active drug is delivered for local or
ystemic effect via the pulmonary route. DPIs have a number of
dvantages over pressurized metered dose inhalers (pMDIs) and
ebulizers (Islam and Gladki, 2008). Unlike pMDIs, DPIs avoid prob-

ems inherent in the use of propellant gases and the need for
oordination of inhalation and actuation (Hickey et al., 1994). DPIs
re also very portable, patient friendly, easy to use and do not
equire spacers (Geller, 2005).

An ideal DPI should be a device, which is simple to use, cost
ffective, convenient to carry, sufficient moisture protection, accu-
ate and uniform dose delivery, deliver optimal drug particle size
nd high fine particle fraction (FPF) and low flow rate depen-
ency (Islam and Gladki, 2008; Ashurst et al., 2000; Newman and
usse, 2002; Newman, 2004; Telko and Hickey, 2005; Clark, 1995;
onovan et al., 2009). In search of such a DPI device, many technolo-
ies and designs have been invented. For example, there are over 20
ifferent DPI devices, single or multiple dose devices, breath acti-
ated and power driven, available in the market (Islam and Gladki,

008). However, these devices have significant limitations such as
ow rate dependency for breath-actuated devices, high complex-

ty for power driven DPIs, insufficient drug deagglomeration and
enerally low respirable fraction delivery (Ganderton and Kaseem,
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1992; Zeng et al., 1999; Louey and Stewart, 2002; Srichana et al.,
1998; Crompton, 1991; Smith and Parry-Billings, 2003). These lim-
itations in the marketed products have led to the development of
more advanced DPIs in an attempt to overcome the aforementioned
limitations. In fact, more than 25 new DPI products are being devel-
oped (Islam and Gladki, 2008). However most of these DPIs are
active devices (requires built in energy sources), which are expen-
sive, complex, face difficulties in manufacturability, and have a high
number of moving parts.

Previously, we have described a DPI technology that bridges
both passive and active designs using energy captured in the
form of aerodynamic flutter to disperse respirable particles (Smyth
and Truman, 2008). Flutter occurs when the fluid surrounding a
structure feeds back dynamic energy into the structure instead of
absorbing it, greatly intensifying the energy within the structure
(Gallegos, 2008). Flow induced flutter has been studied inten-
sively as a detrimental phenomena in examples such as airplane
wing design and bridge construction (Njuguna, 2007; Meirovitch
and Ghosh, 1987). In our previous studies, laser vibrometry was
employed to assess flutter dynamics (frequency and acceleration)
of aeroelastic films in a prototype inhaler (Gallegos, 2008; Smyth et
al., 2008). These studies indicated that flutter frequency was inde-
pendent of airflow rates, and the flutter characteristics could be
‘tuned’ by varying film properties such as film tension, mass, and

length. It was also seen that the acceleration that was produced
in the films under non-optimized flow regimes was very high – in
some cases exceeding 120 g’s (Smyth et al., 2008).

In this study, we have built on this previous work and inves-
tigated the effect of device geometry and film characteristics

dx.doi.org/10.1016/j.ijpharm.2010.07.056
http://www.sciencedirect.com/science/journal/03785173
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Fig. 1. Schematic view of passive flutter induced dispersion DPI.

n the performance of several passive flutter-induced disper-
ion DPI prototypes. In addition, we consider flutter dynamics,
evice airflow resistance. Our goal in these studies was to gain an
nderstanding of how device design and inhaler resistance influ-
nced aerosolization and dispersion performance. Our long-term
ypothesis is that flutter-induced dispersion can be highly effi-
ient for powder deaggregation and regulated to match patient,
rug, and device factors (Donovan et al., 2009). The drug used

n this study was ciprofloxacin. Ciprofloxacin, a member of the
uorinated quinolone family, has a wide coverage against both
ram-positive and gram-negative organisms and has shown good
otential as an inhaled medicine (Adi et al., 2009; Conley et al.,
997; Fitzgeorge et al., 1986). The US Food and Drug Administration
FDA) have approved orphan drug status for inhaled ciprofloxacin
or pulmonary infection resulting from Pseudomonas aeruginosa
nfection in patients with cystic fibrosis (CF) (Waknine, 2010).

oreover, due to the extensively physicochemical characterization
ature of ciprofloxacin, it could also be used as a model drug for
his technology platform and will facilitate dissemination of these
ndings to a broader clinical development of such systems.

. Methods

.1. Materials

The drug ciprofloxacin was purchased from Fluka. Dow chemical
ompany provided 4 mil Polyolefin films. CPFilms Inc. provided the
ransparent medical plastic film and the Polyethylene terephtha-
ate film. An electrostatic shield film (processed polyethylene with
luminum coating) was obtained from 3 MTM. Methanol (99.9%
ssay), Glacial acetic acid (99.9% assay) and HPLC grade Acetonitrile
as purchased from Fisher scientific.

.2. Device design

Previously, a flutter-based device was employed to test drug
ispersion from the coated films, wherein the flutter inducing
ow was perpendicular to the axis of tension in the elastic film
Donovan et al., 2009). When the airflow is parallel to the axis of
ension in a flexible film (tensioned at one end and free at the
ther), it still experiences flutter similar to the motion of a flag
n the wind. This geometry was exploited as the drug dispersing

echanism in our prototype dry powder inhaler in these stud-
es. An aeroelastic film coated with drug is placed in an enclosed
hamber with one end tensioned, as shown in Fig. 1. The sur-
ace of the drug-coated film is parallel to the airflow, and during
he inhalation process flutter is induced in the film in the direc-
ion of the airflow. Flutter dynamics in the film dislodge the
rug, producing an aerosol suitable for pulmonary drug deliv-
ry.

Four different device geometries were investigated in this study.
ig. 2 illustrates the different device geometries tested. The device

eometries investigated were (1) cone (inlet diameter = 0.4 cm,
uter diameter = 0.6 cm, length = 3.5 cm); (2) double cone; (3) cylin-
er (diameter = 0.6 cm and length = 2.5 cm); (4) tapered cylinder
rectangular nozzle – 1.2 cm by 1 mm, length – 5 cm). The film
imensions used in the cone, double cone and the cylinder were
Fig. 2. Device geometries of passive flutter induced dispersion DPI prototypes.

0.3 cm in width and 2.5 cm in length. The film used in the tapered
cylinder was 1.5 cm in length and 1.0 cm in width.

2.3. Drug characterization

The drug (ciprofloxacin) in the Impactor stages
was washed using buffer solution (82.5:16:1.5%, v/v of
methanol/Acetonitrile/glacial acetic acid) and was analyzed
using a UV–vis spectrophotometer at 278 nm. Particle size analysis
of micronized ciprofloxacin was performed by laser diffraction
(SYMPATEC, Sympatec Gmbt, System Partikl-Technik, Germany
with a He-Ne laser beam 5 mW max at 632.8 nm) using WINDOX
5.1.2 software and using scanning electron microscopy (SEM).

2.4. Flow characteristics of devices

A digital manometer recorded the pressure drop across the pro-
totype DPI device. In this study, the flow-rate was increased from
0 to 60 lpm at 15 lpm intervals. The difference in pressure drop,
determined with and without the device in place, was defined as
the specific pressure drop of that device at a particular flow-rate.
Each measurement was carried out in triplicate and the mean pres-
sure drop was calculated. The mean pressure drop was plotted
against the corresponding flow rate and the slope of the fitted line
is reported as the device resistance (Srichana et al., 1998).

2.5. Aerosol characterization

The in vitro drug dispersion performance of the device was
investigated using a Next Generation Impactor (NGI) at a flow rate
of 60 L min−1. The following parameters were determined from the
NGI dispersion data: (1) Fine Particle Fraction (FPF) – the percentage
of drug deposition from stages 3 to 8 with respect to total emitted
dose (throat to stage 8); (2) Fine Particle Dose (FPD) – the amount
of drug deposited in stage 3 to stage 8; (3) respirable fraction (RF)

– the percentage of drug deposition from stages 3 to 8 with respect
to total dose; (4) emitted dose (ED) – the amount of dose delivered
by the DPI.
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Table 1
Device airflow resistance as a function of the prototype DPI geometries using poly-
olefin films.

Device Device resistance ((cm of H2O)0.5 L−1 min) RF (%)

Double cone 0.095 26.4 ± 1.4
Cylinder 0.102 31.1 ± 2.2
Tapered cylinder 0.126 41.3 ± 2.1
Cone 0.169 46.0 ± 3.5

Fig. 3. Device airflow resistance (without film) as a function of the Reynolds number
of airflow.

Table 2a
Device airflow resistance for the prototype geometries with and without polyolefin
films.

Device Device resistance ((cm of H2O)0.5 L−1 min)

Without film With film

Double cone 0.062 0.095

3

3

d
d
d

3

g
t
w
r
d
l

T
D

Cylinder 0.069 0.102
Tapered cylinder 0.081 0.126
Cone 0.091 0.169

. Results

.1. Device resistance measurements

Device airflow resistance measurements are important for
evice design and comparing performance between different
evices. Here we assessed device resistance as a function of device
esign and the type of film loaded into the device.

.1.1. Effect of device geometry
Table 1 shows airflow resistance values for the different device

eometries tested in these studies. These resistance values span a
ypical spectrum observed in currently marketed devices. In Fig. 3

e have calculated the Reynolds number for each device and cor-

elated it with device resistance. As expected, by manipulating the
evice geometry increases in the airflow resistance of the device

ed to increases in the turbulence (Reynolds number). In Table 2,

able 2b
evice airflow resistance as a function of the films in cone geometry.

Description Film Thickness
(�m)

Device resistance ((cm of
H2O)0.5 L−1 min)

Film 1 Polyolefin
medical film

85 ± 4 0.169

Film 2 Transparent
window film

98 ± 3 0.181

Film 3 PET film 109 ± 2 0.204
Film 4 Metalized

polyethylene
120 ± 5 0.224
Fig. 4. Device airflow resistance as a function of the device dimensions of the cone
and double cone prototype DPI geometries using polyolefin films.

the device airflow resistance is correlated to the aerosol disper-
sion performance of the device geometry (with film). The film used
in this study is a polyolefin film and in vitro dispersion study was
performed at 60 lpm. The double cone which has the least resis-
tance of 0.095 (cm of H2O)0.5 L−1 min also had the lowest device
performance as measured by respirable fraction (RF = 26.4 ± 1.4%).
The cone geometry prototype had the highest device resistance of
0.169 (cm of H2O)0.5 L−1 min and produced the highest dispersion
performance with a RF of 46.0 ± 3.5%. In these prototypes, increas-
ing the device resistance by manipulating the device geometry
increased the device dispersion performance.

3.1.2. Effect of films
To study the effect of films on device resistance, resistance mea-

surements were performed using the cone-geometry prototype DPI
device across several different film types (Table 2b). As expected,
Table 2a shows that the device airflow resistance increased in the
presence of the polyolefin film for all the geometries. There was
also significant impact of the film type on airflow resistance. For the
cone geometry prototype device, as the film thickness increases the
resistance also increases. The polyolefin film having a thickness of
85 �m provided the least resistance of 0.169 (cm of H2O)0.5L−1 min,
while the metalized polyethylene film (120 �m) produced a device
resistance of 0.224 (cm of H2O)0.5 L−1 min.

3.1.3. Effect of device dimensions
Fig. 4 represents the device resistance as a function of the inlet

diameter of the cone and double cone geometry. The measurements
were performed using polyolefin films inserted in the device and
the angle of opening of the device geometries was kept constant.
Increasing the inlet diameter from 0.25 to 0.4 cm, the device resis-
tance is decreased for both the geometries. The device resistance is
lower for the double cone geometry than the single cone geometry
for corresponding inlet diameters.

3.2. Aerosolization performance

Performance of dry powder inhalers was assessed using stan-
dard pharmacopeial methods. We assessed the overall efficiency of
dispersion (RF), the efficiency of detachment of the drug from the
films (percentage emitted, ED), the efficiency of the deaggregation
of the detached drug (Fine particle fraction, FPF), and also normal-

ized this efficiency for surface area of film used (FPD/cm2). These
performance measures were assessed across a range of device
geometries (as described above) and as a function of several film
properties.
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Table 3
Aerosol properties of various prototype DPI geometries determined using NGI.

Geometry FPF (%) RF (%) ED (%) FPD/area (�g cm−2)

Cone 52.8 ± 6.8 46.0 ± 3.5 87.6 ± 5.2 66.8 ± 16.7
Double cone 42.8 ± 2.6 26.4 ± 1.4 61.7 ± 3.2 33.5 ± 3.4
Cylinder 54.0 ± 2.0 31.1 ± 2.2 57.6 ± 2.4 45.6 ± 11.1
Tapered cylinder 57.5 ± 2.8 41.3 ± 2.1 71.9 ± 1.9 88.3 ± 5.6
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Fig. 6. Effect of film length – aerosol dispersion profile determined by NGI using
polyolefin films (n = 3).

Table 5
Aerosol properties of tapered cylinder geometry of varying film lengths using NGI.

Film thickness FPF (%) RF (%) ED (%) Film retention (%)

0.085 mm 57.5 ± 2.8 41.3 ± 2.1 71.9 ± 1.9 11.7 ± 1.8
0.150 mm 50.0 ± 3.2 38.7 ± 1.5 77.5 ± 2.6 8.74 ± 2.3
ig. 5. Effect of prototype device geometry – aerosol dispersion profile determined
y NGI using polyolefin films (n = 3).

.2.1. Effect of device geometry
Based on observations from the device resistance studies above,

he film used in the remainder of the studies was the polyolefin
lm. As seen in Table 3, the aerosol performance was significantly

nfluenced by the device geometry. The percentage emitted (ED)
s statistically similar at lower resistances (double cone and cylin-
er device geometry) and increases with increasing resistance. The
D for cone geometry having the highest resistance of 0.169 (cm
f H2O)0.5 L−1 min) was 87.6%. From Fig. 5, it was clear that the
lm retention was highest for the cylinder geometry at 37%. In
eneral film retention of the drug particles decreased with increas-
ng airflow device resistances. Fine particle fraction (FPF) and
espirable fraction (RF) increases initially with increasing airflow
evice resistance and then reaches a plateau at around 0.11 (cm
f H2O)0.5 L−1 min. The cylinder geometry had the highest FPF of
7.5% while the cone geometry has the highest RF of 46%. The dou-
le cone geometry has the lowest RF and FPF of 26.4% and 42.8%,
espectively.

.2.2. Effect of film dimensions
Based on the effects of the device geometry on resistance and

erformance obtained from the studies already described, the
apered cylinder device was chosen for the next experiments that
imed to determine the effects of the film dimensions on DPI per-
ormance.

(a) Effect of length: The polyolefin film used in this study had
lm lengths of 3 and 1.5 cm, and film width of 1.5 cm. As indi-
ated from Table 4 and Fig. 6, aerosol dispersion efficiencies from
he 1.5 cm film was significantly greater than its 3 cm counterpart.
higher RF of 41.29 ± 2.06% was achieved with the shorter film
ength compared to 27.3 ± 2.5% for 3 cm film. The film retention
nd throat deposition was higher for the longer film (3 cm), but,
s the film contained more drug, this longer film had a higher FPD

able 4
erosol properties of tapered cylinder geometry of varying film lengths using NGI.

Film length FPF (%) RF (%) ED (%) FPD (�g)

1.5 cm 57.5 ± 2.8 41.3 ± 2.1 71.9 ± 1.9 198.8 ± 12.5
3 cm 53.3 ± 3.5 27.3 ± 2.5 51.2 ± 5.1 289.7 ± 17.3
Fig. 7. Effect of film thickness – aerosol dispersion profile determined by NGI using
polyolefin films (n = 3).

of 289.73 ± 17.27 �g compared to 198.8 ± 12.5 of the shorter film
(1.5 cm) (Table 5).

(b) Effect of film thickness: Two thicknesses of the polyolefin
films were studied: 0.15 and 0.085 mm. As above, the prototype
design used in this study was the tapered cylinder geometry. As the
thickness of the film was increased, the aerosol dispersion perfor-
mance of the device was not significantly different. However as the
thickness of the film was increased, the resistances of the devices
significantly increased from 0.126 to 0.240. Even though film reten-
tion is higher for the 0.085 mm film compared to 0.15 mm film, the
FPF is higher for 0.085 mm film (57.5 ± 2.8%) compared to 0.15 mm
film (50.0 ± 3.2%) (Fig. 7).

4. Discussion
4.1. Device resistance measurements

The airflow resistance of the device is an important parameter
to consider when designing a novel device. It should not be insuffi-
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ient to capture the energy of inhalation or sufficiently elevated to
revent those with poor lung function from using the device.

.1.1. Effect of films
In this study, it could be seen that the type of films affects

he device resistance. This is due to the intrinsic physical prop-
rties of the film (Moretti, 2003) and the thickness (mass ratio)
f the films (Connell and Yue, 2007). The polyolefin film, which
esulted in the least device resistance, was selected as the lead can-
idate of the films studied here. The increase in the device airflow
esistance in the presence of film is due to the resistance to the
irflow offered by the film in the form of flutter. We postulate that
he presence of these fluttering films would further increase the
urbulence (higher Reynolds number) and may help to deaggre-
ate the aerosolized drug. Moreover, the turbulence generated at
0 lpm (7800 < Nre < 15,600) using these flutter induced dispersion
PI geometries is higher than the commercially available in the
arket. For example, at the narrowest exit point of the Spinhaler,

he Nre is approximately 13,000 at 120 lpm and 3250 at 30 lpm
French et al., 1996).

.1.2. Effect of geometry
The geometry of the device significantly affects the device resis-

ance and the aerosol dispersion performance. Higher resistance
evices generally produce higher turbulence (Srichana et al., 1998),
nd it may be expected, in our case, to increase the flutter intensity
nd lead to a higher RF. The FPF of a high resistance devices available
n the market such as Inhalator (0.180 (cm of H2O)0.5 L−1 min) is
round 25% at 60 lpm. In comparison, the highest resistance device
eometry studied here, i.e. the cone geometry, had a FPF of around
0% and, due to differences in flutter performance, a lower resis-
ance device (tapered cylinder) had an even higher FPF (57.5%).
imilarly, the FPF of a low resistance device available in the market
uch as Rotahaler (0.04 (cm of H2O)0.5 L−1 min) is around 15–20%
Srichana et al., 1998). This FPF was lower than the lowest resis-
ance device geometry studied here, i.e. the double cone geometry
hat had a FPF of around 40%.

.1.3. Effect of device dimensions
The dimensions (especially the internal diameter) of the cone

eometry and the double cone geometry significantly affect the
evice resistance. This may be due to increased turbulence that
ould be associated with the decrease in internal diameter of

he device. As described above, increases in turbulence may affect
utter dynamics (onset and intensity), hence, will affect drug dis-
ersion performance. However the nature of flutter dynamics and

ts relationship with the device geometry and dimensions are yet
o be fully understood in our case and even in well developed
reas of flutter research due to the complexity of the interactions
etween the air flow and the dynamic structure undergoing flutter
Meirovitch and Ghosh, 1987; Njuguna, 2007).

.2. Aerosolization performance

.2.1. Effect of device geometry
Device geometries such as cylinder and double cone, having

ow resistances, give rise to high drug retention on the film during
ascade impaction studies. On the other hand, high-emitted dose
ercentages are found in both the cone and tapered geometries,
here the device resistance is greater and the device geometries

re in closer distance to the drug loaded film. This would indicate

or these conditions, flow velocities and turbulence are important
or inducing detachment.

In contrast to detachment, deaggregation appears to be less
ependent on the device resistance. The FPF and RF values remain
elatively constant after a device airflow resistance of 0.11 (cm of
f Pharmaceutics 401 (2010) 1–6 5

H2O)0.5 L−1 min) is obtained across the different device designs.
Even though the aerosol performance (RF) is enhanced in both
of the higher resistance designs, the cone geometry exhibited the
highest throat deposition. This suggests that the tapered cylin-
der design was the best candidate among the different geometries
studied. The tapered cylinder geometry, which has a comparable
device resistance to the turbuhaler, has a better device performance
(Thorsson et al., 1994; Crompton, 1991; Ball et al., 2002). This indi-
cates that the passive flutter induced dispersion DPI device is a
significantly better product compared to the commercially avail-
able DPI products. In on going studies, we are performing controlled
studies using a statistical design of experiment that focuses on the
tapered cylinder design.

4.2.2. Effect of film dimensions
The film properties also affect the aerosol performance of the

device. Shorter film tends to reduce film retention and increase dis-
persion at the expense of FPD. The FPD dose is higher in the longer
film. The FPF and RF is lower for the 0.15 mm thick film, suggesting
that the film is more rigid at higher thicknesses, resulting in lower
magnitude flutter forces at a constant flow rate. The FPD delivered
using this device is greater than the commercially available DPI
products (Bisgaard et al., 1998).

5. Conclusions

The effect of device geometry and film characteristics on the
device airflow resistance and aerosolization performance of the
passive flutter induced dispersion DPI prototypes was studied.
Device resistance measurements indicate that the type of films,
type of device geometry and specific device dimensions signif-
icantly affects the airflow resistance of the device. In addition,
aerosol dispersion performance studies indicated that the device
geometry and film properties significantly affect the aerosol perfor-
mance of the device. These studies indicate that with further device
design optimization, flutter induced dispersion DPI may be highly
efficient mechanism for drug deaggregation and aerosolization.
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