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Abstract

The release of drug from dry powder inhalers (DPIs) is strongly dependent on the
patient’s inhalation profile. To maximize the effect of the treatment it is necessary to
optimize DPIs to achieve drug delivery that (A) is independent of the inhalation
manoeuvre and (B) is targeted to the correct site in the lung. The purpose of this study is
to develop a DPI with an adaptive bypass element that achieves desired drug delivery
behaviour.

Computational and experimental methods are used. First, the effect of a generic variable
bypass element on entrainment behaviour is modelled. This is done by modelling a DPI
as a network of flow. Second, the behaviour of a potential variable bypass element, a flap
valve, is studied both computationally and experimentally. Third, the flow resistances are
optimized to achieve consistent and desired entrainment behaviour for patients with very
different inhalation manoeuvres.

A simulated DPI device design was found that achieves an approximately constant
entrainment flow rate of 12 L/min when total flow rates larger than 20 L/min are applied.

The developed DPI is predicted to accurately deliver drug for patients with highly
different inhalation manoeuvres.
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1 Introduction

Dry powder inhalers (DPIs) are designed for a range of medical, manufacturing and commercial objectives.
Possible objectives for DPIs include drug delivery that (A) is independent of the patient’s inhalation
manoeuvre, and (B) targets the dose to specific regions in the respiratory tract (1,2). To optimize DPIs in
accordance with objectives A and B, it is necessary to predict how well a DPI can achieve them, as a
function of the DPI geometry and drug powder properties. Computational fluid dynamics (CFD) is a
commonly used numerical method in DPI development (3). CFD offers a cost-effective alternative to
experimental and clinical studies.

Currently, there is no passive DPI on the market which achieves design objective A: deposition
independent of inhalation technique (3,4). In passive DPIs the only energy source for powder entrainment
and dispersion is the patient’s inspiratory flow. While the patient does not have to coordinate actuation and
inhalation with a passive DPI, the release of drug M (t) from the device and, consequently, deposition in the
lung usually depends strongly on flow rate Q(t) and entrainment geometry. Ideally, the same fraction of
drug should deposit in similar pulmonary airways for two patients independent of the applied inhalation
flow rate profile Q(t).

Similarly, design objective B, delivery of drug to the target site in the lung, also depends on the inhalation
flow rate Q(t) and the entrainment geometry (5). The timing of drug release significantly influences the
lung region reached. For example, to treat systemic diseases, such as diabetes or Parkinson’s disease, drug
delivery to the alveolar region is preferred (3,6,7). For these applications, drug should be released early in
the inhalation manoeuvre (an ‘early bolus delivery”).

The performance of an inhaler with respect to objectives A and B may be influenced by the design.
Important considerations include:

e Device entrainment geometry; e.g. entrainment rate for a shear-driven mechanism
is typically lower than for a gas-assisted mechanism (8-10).

o Total flow resistance R of the DPI. The inhalation flow rate profile Q(t) of a
typical patient is affected by the flow resistance R. Increasing resistance reduces
the PIF and thus the rate of drug entrainment.

e Size of a bypass channel. When the size of bypass is increased, while keeping
total flow resistance constant, less air flows through the entrainment unit and rate
of entrainment usually decreases.

A number of commercially available inhalers incorporate design elements aiming to enhance performance
in terms of objectives A and B. For example, active DPIs such as Exubera (Pfizer) or Aspirair (Vectura)
(11) make use of compressed air. The compressed air provides an additional energy source independent of
the patient’s lungs. Therefore, good entrainment performance may be achieved independent of the patient
(objective A). Other examples include electronically controlled nebulizers, such as the I-neb AAD system
(12,13). This device attempts to achieve optimal delivery with a two step process. It first measures patient
dependent characteristics such as inspiratory flow rate and length of inhalation manoeuvre. It then uses
these measurement to optimally time drug release.

In addition to these active designs some passive DPIs incorporate features to enhance performance. A
mechanical component triggers drug release only when a sufficiently high PIF is reached, for example in
the Prohaler device (14). This feature prevents patients with low lung function receiving an erroneous dose.

Furthermore, a DPI with a varying bypass flow resistance is briefly mentioned in a patent for a DPI with an
integrated reverse flow cyclone chamber for size classification (15). A constant flow through the cyclone
element is desired to achieve optimal particle size classification performance (15—17). Harris et al. (15)
describe that, in order to keep the flow through the cyclone consistent, the variable bypass resistance must
decrease when the inhalation flow rate is large: allowing more air to bypass the cyclone. The patent
indicates two potential mechanisms, an ‘elastic flap valve’ and a ‘star valve’, that could be used as a
variable bypass element. So far, there have been no reports of how such valve concepts could be engineered
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into DPI devices, nor have any experimental studies on variable bypass elements in DPIs been published.
Currently no DPI on the market uses a variable bypass element.

A variable bypass flow resistance could also be used to keep the flow rate through the entrainment unit
more constant. With such an element incorporated in a DPI design, patients with highly different inhalation
manoeuvres could potentially achieve more consistent delivery. Such a DPI would automatically adapt the
amount of bypass during inhalation to achieve best delivery of drug. Compared to the ‘settable bypass’
approach proposed in our previous work (18), a single DPI with a variable element could achieve good
delivery of drug for a range of different patients without the need to choose the ‘correct’ amount of bypass.
DPIs with a variable (or adaptive) amount of bypass have not been extensively studied in literature. The
aim of this study therefore was to design a passive DPI with an adaptive (variable) bypass element that can
achieve a (more) consistent and desired entrainment behaviour for patients with very different inhalation
manoeuvres. First, the effect of a generic variable bypass element on entrainment behaviour is modelled.
Second, the behaviour of a potential candidate bypass element is studied using computational and
experimental methods. Finally, the flow resistances in a DPI with a variable bypass element are optimized
to achieve desired entrainment behaviour.

2. Methods

2.1 Theory of Flow Resistances

In most DPIs the flow is turbulent and the rate QO proportional to the square root of the applied pressure
drop Ap (Darcy—Weisbach equation) (19,20).

RQ = \JAp Equation 1
R is the flow resistance of the device. In general, the required breathing power is the product of the flow
rate Q and the pressure drop Ap. Note that there may be a variety of airflow paths within a DPI, with not all
of the airflow directed through the entrainment compartment (e.g. (21,22)). A DPI may be modelled as a
network of flow resistances (23), see Fig. 1a. Such a device consists of three flow resistances R, R, and R1
. R, and R}, are the resistances of the entrainment unit and bypass channel, respectively. R1 is the resistance
of any joint inlet or outlet channel, and may, for example, represent the mouth piece (23). In blister-type
DPIs (21,22) (a foil sealed drug container is pierced or opened for entrainment) it can be assumed that all
other parts of the network have negligible flow resistance. The first two resistances R. and R}, are in parallel
and form an equivalent resistance R, . R1 is in series with the other two resistances. The device has a total
equivalent flow resistance of Ryot.
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1 Figure 1: a) Schematic representation of a DPI. R, and R}, are the flow resistances of the
22 entrainment unit and bypass channel, respectively. Together they form the equivalent
23 resistance R, . R1 1s a flow resistance in series with R, ;. Qo 1S the total flow rate
;‘; through the device. Apy is the total pressure drop over the device. Ap, j, is the pressure
2% drop over the equivalent flow resistance R, . Ap1 is the pressure drop over the resistance
27 R;. b) Schematic representation of the equivalent circuit to model the bypass flow
28 resistance Rj. Rp, 1s made up of a variable bypass resistance R,(Ap,,) and two constant
;3 resistances R, and Rj3.
31
32
33
34 The objective is to find an expression for Q., the flow rate of air through the entrainment unit, as a function
35 of the total flow rate Qtot or the total pressure drop Apior. It is assumed that all flows are in the turbulent
36 regime. Consequently, the relationship between resistance, flow rate and pressure drop are given by Eq. 1:
g; Q.R. = QuR), =~/DPep Equation 2
39 QrotR1 =+/AP1 Equation 3
40
41
2; Note, since flow resistances R, and R), are in parallel, the same pressure drop Ap, is applied across these
44 resistances. Similarly, the flow rates through the equivalent resistances R, and Ryt are given by:
45 QtotRep = APeb Equation 4
23 QtotRiot = /APrtot Equation 5
48 When a pressure drop is applied across two flow resistances R, and R in series, the total pressure drop
49 Apot is the sum of the pressure drops across all resistances:
g? Apror = Apep + Apq Equation 6
52 Ape,p is the pressure drop across the resistances R.p, and Ap1 is the pressure drop across resistance Rj.
53
>4 Furthermore, in a parallel network of flow resistances R and R}, the sum of the flow rates through
22 resistances R, and R}, is the total flow rate:
57
58
59
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Qe+ Qb = Qtot Equation 7
By substituting Eq. 2 and 4 into Eq. 7, an equation for the equivalent resistance R, may be found:

1 1 1 .

TR =R, Equation 8

Similarly, substituting Eq. 3, 4 and 5 into Eq. 6 yields
Rée=REp + RY Equation 9

Also note, that by eliminating Qo from Eq. 4 and 5, an equation for Ap, p is found:

R .
\APep = Rt:z'\/Aptot Equation 10

Therefore, recalling Eq. 2 and 5, the flow rate through the entrainment unit is:

Qe=\/r

Pe,b Re,b Re b .
R, = NAProtg g~ = Qtotﬁ Equation 11
In the case of constant flow resistances R., R and R1, R, and Ryt are also constant. Thus, Q. is
proportional to the total flow rate Q.

In this study, however, the objective is to analyse the effect of a variable bypass element on the Qo - Qe
relationship. For this purpose, the bypass flow resistance R}, is modelled as a network of a variable
resistance R, and two constant resistances R and R3, see Fig. 1b. This choice will facilitate optimisation,
and will be explained in more detail in following sections.

Since R, is a variable bypass element, it does not have a constant value. Instead, R, is a function of the
applied pressure drop Ap.,:

Ry, = f(Apy) Equation 12

The constant flow resistances Ry and R3 exist to fine-tune the Qo - Q. relationship of the DPI. For
example, when R; is set to a large value and R3 is set to a small value, the variable element will have a
negligible effect on the DPI. Alternatively, if Ry is set to a small value and R3 is set to a large value, the
effect of the variable element on the DPI may be extreme.

Analogously to Eq. 8 and 9, the bypass resistance R, may be expressed in terms of R,(Apy,), Rz and Rs:
1 1 -1 Equation 13

— +
R3 «/R% + R%(Apv)

Similar to Eq. 10, Ap,, can be expressed in terms of Ap, ; and resistances R,(Ap,) and Ry:
Ry(Apy)

Equation 14
\/Apv = 5 5 «/Ape,b a
'\/RU(APU) + RZ

Rb=

Since Ry, depends on the applied pressure Ap,, the total bypass flow resistance R is also pressure
dependent. This makes it more difficult to solve Eq. 11, because R and Rioc both depend on Rj, and hence
on the pressure drop. In practice, for any given Api, Eq. 11 may be solved numerically for arbitrary
variable resistances R, = f(Ap,,). Once Ap,p is known, Q. may be evaluated using Eq. 2. By following this
approach for a range of different pressure drops, Q. may be predicted as a function of Apy or as a function
of Q. This approach assumes that the variable bypass element can adapt sufficiently rapidly to changes to
the applied pressure. Transient effects are ignored.
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As an illustration, Fig. 2 shows how the choice of R,(Apy) influences the flow rate Q. as a function of Apiot
or Qror. Fig. 2 also shows how the choice of R,(Apy) influences the bypass ratio r

r= % Equation 15

ris the ratio of air flows through the bypass and the entrainment unit. A constant flow resistance Ry, results
in linear A/APtot - Qe and Qo - Q. relationships. The bypass ratio 7 is constant for a constant flow
resistance. For non-constant flow resistance R, (e.g. ‘linear’, ‘hyperbolic’ and ‘hyperbolic shifted’), the
resulting AProt - Q, and Qror - Qo relationships deviate from linearity. Also, the bypass ratio 7 is not
constant, but grows with total flow rate Qior. In particular, when the pressure drop A/APtot and the flow rate
Qot are large, a more constant Q. is achieved with the variable resistances R, than with a constant
resistance R,,. Note the response when the variable element ‘hyperbolic shifted’ is used. This element is
‘pre-loaded’ and has an infinite flow resistance up to a pressure drop Ap, = 200 Pa. Consequently, a ‘kink’
is observed in the A/APtot - Q, and Qyor - Qc-diagrams. The bypass ratio 7 is zero for flow rates below Qot
~ 15 L/min.
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Figure 2: How a variable bypass R,(Ap,,) influences flow through the DPI. R, = 62.3
Pa%sL _1, Ri= 40.6 Pa%SsL _1, R,=0 Pa%SsL _1, R3 —oo. Transient effects ignored:
a change of total flow rate Q. results in immediate response of the bypass element. a)
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Four different flow resistance profiles R, (Ap,). b) Corresponding ~/APtot - Q, profiles. c)
Corresponding Qo - Q. profiles. d) Corresponding Qy, - 7 profiles.

To apply this approach in the design of a real DPI, the dependence of flow resistance R, and pressure drop
Ap,, must be known for a realistic variable bypass element. Thus, a variable bypass element was designed
and a fluid-structure interaction (FSI) analysis used to predict R,(Ap,). The accuracy of the FSI approach
was verified experimentally.

2.2 Designing a Variable Bypass Element

2.2.1 Design Considerations for the Variable Bypass Element

A simple ‘flap valve’ variable bypass element is schematically shown in Fig. 3. The variable element
considered is a rigid channel with an integrated, elastically deformable flap. For large applied pressure
drops the flap should deform to allow a higher flow rate than would occur otherwise. Initially, the tip of the
flap is ‘pre-loaded’ against the upper boundary of the channel. When a pressure drop is applied across the
channel, pressure on the flap’s surface pushes it down. Low pressures will be insufficient to overcome the
pre-loading. Only for large pressure drops will the flap bend, a gap of size ¥ will then open. The presence
of the flap will affect R,,(Ap,), the flow resistance of the element. A potential challenge of this design is
that, to eliminate friction, the flap should not touch the channel side walls. Thus, clearance must be
maintained which may affect the performance, since air can bypass the flap (a ‘leakage’), see Fig. 3b and c.
Design dimensions of the variable bypass channel are summarized in the caption of Fig. 3. A detailed
understanding of the element’s characteristics is required to use it practically in a DPI design. In particular,
the relationship between applied pressure drop Ap, and resulting flow resistance R, is of interest, see Eq.
12. FSI simulations may be used to investigate the dependence of R, on Ap,,.
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Figure 3: Schematic drawings of a “flap valve’ variable bypass element. The flap is
deflected due to a flow. Angle of the flap 8 = 15°, flap length L = 50 mm, flap
thickness b = 1 mm, channel width w, = 10 mm, channel depth d. = 10 mm. a) side
view, b) end view with clearance between flap and walls indicated ¢) isometric view

2.2.2 Fluid-Structure Interaction (FSI) Simulation of the Variable Bypass
Element

FSI analysis is used to predict how a fluid flow interacts with a deformable structure. In this study FSI
analysis was applied to simulate the behaviour of the variable bypass element shown in Fig. 3.

A possible process to solve a FSI problem is:
1. Mesh and model fluid and structure domain.

2. Specify structure-fluid interface, i.e. faces of the fluid and structure in direct
contact.

3. Use CFD to predict flow in the fluid domain.
4. Determine stress distribution exerted by the fluid on the deformable structure.
5. Run a structural analysis to predict how the stresses (pressure distribution) deform

the structure.
6. Repeat Step 3-5 until results converge.

A commonly used method for Step 5 is finite element analysis (FEA). The last step, i.e. the iteration, is
necessary due to the coupling of fluid flow and deformable structure: the fluid flow affects the deformation
of the structure, which in turn affects the fluid flow.
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In this application a partitioned approach was used (24). The equations governing the fluid flow and the
structural deformation are solved with two different solvers. Abaqus (25), a FEA software package, has
been used to compute the deformation of the flap. SimpleFOAM, an OpenFOAM (26) solver, was used to
solve the fluid flow problem. A Python script (27) was prepared to link both software packages, alternately
running OpenFoam CFD simulations and Abaqus FEA jobs.

For simplicity the channel was modelled in two-dimensions only. However, to calculate flow rate through
the channel, a width w, was assumed.

FEA of the flap involved three steps. First, one end was fixed with a zero displacement and rotation
constraint. Second, a rigid wall was moved down to pre-load the flap. The vertical distance between the
lower end of the flap and the upper boundary was set to d., the depth of the channel. Third, a pressure
distribution was applied along the flap surface. If the pressure was sufficiently large to overcome the pre-
loading, the flap deflected. The deformed shape of the flap was used to update the CFD simulation. In this
study, a general purpose quadratic brick element with the reduced integration scheme was chosen. For a
two-dimensional beam type geometry this choice may seem over-engineered. However, the goal was to set
up a general FSI framework for variable DPI bypass elements, which works for a wide range of different
designs. The flap material was polyethylene terephthalate glycol (PETG), a thermoplastic polyester, with
properties summarized in Table 1. Table 2 and 3 summarize the CFD and FEA solver settings.

The result of the FSI analysis is the relationship between an applied pressure drop Ap, and the resulting
flow resistance R,, for the chosen variable bypass geometry.

Table 1: Material properties of the elastic flap (28,29).

Property Value

Material Polyethylene Terephthalate Glycol (PETG)
Supplier RS Components (Electrocomponents plc.)
Density priap 1.27 g/cm3

Thickness 1.0 mm

Young’s modulus 2.01-2.11GPa

Poisson’s ratio 0.37-0.44

Table 2: Solver settings for the CFD simulation.

CFD setting Value

Solver SimpleFOAM

Size of mesh 0.2 mm globally, but 0.05 mm in the
vicinity of the flap
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Density of air

1.225 kg/m3

Dynamic viscosity of air

1.81 x 10 ~>kg/(ms)

Turbulence model

k-epsilon

Boundary condition outlet

Atmospheric pressure outlet (0 Pa)

Boundary condition inlet

Velocity inlet (varying magnitude)

Boundary condition wall

No slip

Convergence criterion

1e-06 absolute residual for continuity, x-
momentum, y-momentum

Table 3: Solver settings for the Abaqus FEA simulation.

FEA (Abaqus) setting

Value

Mesh

20 x 4 elements

Element type for elastic beam

Reduced integration solid element
C3D20R

Steps 1) Set boundary condition: zero
displacement and rotation for all nodes
on the fixed end (‘encastré’)

2) Apply wall BC: Move rigid wall into
position to pre-load the flap
3) Apply load (pressure distribution)
NLGEOM On
Interaction Surface-to-surface contact between wall

and flap

Interaction Properties

No friction (frictionless)

2.2.3 Experimental Validation of the FSI Simulation Approach
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An experiment was used to validate the FSI simulation. The experiment consisted of a pump, a pressure
regulator, a flow meter, an inlet duct, the main unit with the sample flap and an outlet duct, see Fig. 4. The
main unit was made of transparent acrylic, so deformation of the sample material could be observed.
Pressure drop, flow rate and the size of the gap between flap and upper boundary y were measured
simultaneously. Photographs of the deflected flap allowed a qualitative comparison between experiment
and FSI simulation. The inlet duct had static pressure taps to measure the pressure differential between a
point 70 mm upstream of the flap and atmospheric pressure with a manometer. The inlet duct also helped to
fully condition the flow. The main purpose of the outlet duct was to guide the flow away from the main unit
and the camera. The flap was an 8 mm wide PETG strip. The channel width was 10 mm, giving a clearance
of I mm on each side, see Fig. 3.

Qfree, the flow rate through the bypass channel when the flap was ‘free’ to move was recorded for a range
of pressure drops Ap,,. Flow occurred even when Ap,, was small and the flap touched the upper boundary
due to airflow through the clearance as indicated in Fig. 3. To quantify this leakage, a second set of
experiments was conducted with the tip of the flap glued to the upper boundary. Qfixed, the flow rate
through the bypass channel when the flap was ‘fixed’ (i.e. glued to the upper boundary), was recorded as a
function of Ap,,.
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Figure 4: Experimental setup to measure the response of the variable bypass element: Air
flows through the main unit with a sample flap. Flowrate, pressure drop and flap
deflection are measured.

2.3 Modelling the Rate of Drug Release

To optimize DPIs it is important to understand how the inhalation flow rate Q.(t) and entrainment
geometry affect the rate of drug release. In previous work (30), we applied multiphase CFD to predict M(2),
the mass of drug powder released as a function of time 7 from a DPI entrainment geometry. This method
was successfully validated by comparing CFD predictions to experimental measurements (10). While this
method can predict M(?) accurately, it is computationally inefficient. Consequently, in previous work, we
developed an efficient meta-model (18). Using a small number of computationally expensive CFD
simulations, a low fidelity model was constructed that can make additional predictions with low
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computational cost. The meta-model was validated with results from additional CFD simulations. In this
study the meta-model was used to predict M(7) depending on applied inhalation flow rate profile Q.(t). Fig.
5 shows the entrainment geometry used.

outletT Q)

inlet

constant
pressure

5.88

Figure 5: Entrainment geometry used in this study (dimensions in mm). This is one of the
optimized entrainment geometries found in Kopsch (31). Area shaded in dark grey
represents the initial distribution of drug powder.

2.4 Optimization Framework

The device layout considered in this study is shown in Fig. 1. It consists of an entrainment unit with
constant flow resistance R, a bypass element R and another constant flow resistance R1. The bypass
resistance R, is modelled as a network of two constant resistances R, and R3 and the variable resistance R,
(Apy,). Therefore, given a specific variable bypass resistance R, (Ap,), the whole device layout may be
described by a vector of design variables given by:

x = (R¢,R1,R2,R3) Equation 16
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The objective is to design a DPI that achieves drug delivery that is (A) patient independent and (B) similar
to a desired target profile. As in our previous work (30) two cost functions C4 and Cp are used to quantify
performance. C,4 measures the similarity of drug release with different inhalation profiles, Cp compares
release to a target function (shown in Fig. 10a and 11). It is hoped that this variable bypass DPI performs
with different inhalation profiles better than classical DPIs with constant bypass elements. Therefore, two
extreme inhalation profiles Tyo1 and Tror,2 (Fig. 6) were chosen to calculate the cost function Cy4. Profiles
T1 and T; have a PIF of 100 L/min and 25 L/min, respectively. A DPI design that works with these extreme
profiles should perform well with less extreme flows.

.E 100' : . A et prof”e TtOf.l
% : " === profile Ti, 2
£ Wi
O 604: %
Q : %
- -
©

401 ’
; " ‘0
(@] i L
4 L pm—— .,
— 20_: I '-.._-..‘ -
E ¥ i P %
O 1 S .
— ) it N

0 ; i '-‘--_'_-_L
0 1 2 3 4
Time tins

Figure 6: Two extreme flow rate profiles Ty, 1(£) and Tt 2(t).

A gradient descent optimization algorithm (32) was used to minimize a combined cost function C = C4 +
Cp by iteratively varying the design vector x = (R¢,R1,R2,R3). In each iteration:

i) the method described in Section 2.1 was used to predict @, the flow rate through the entrainment unit, as
a function of Qo for the current design vector x ;

i) once the Qot - Q. relationship is known, the meta-model (Section 2.3) was used to predict M(x) (mass
of drug released as a function of scaled volume) for the two inhalation profiles Trot, 1(t) and Tor2(t);

iii) the value of the cost function C = C4 + Cp was calculated.
Iterations were repeated until C converged on a minimum.

Note that the scaled volume x is the fraction of inhaled volume of air to maximum lung volume. The reason
for expressing M, the mass of released drug, in terms of x is that the region of pulmonary drug deposition
depends on when the drug is released with respect to the inhaled volume (33,34).

Finally, the quality of the optimized device has been evaluated by testing it for a range of realistic
inhalation profiles.
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3 Results

3.1 Comparison of FSI Simulations and Experiments

Fig. 7a and b show contour plots of static pressure when flow rates @ = 18.2 L min “land Q= 43.2L
min ! are applied. These flow rates were chosen to give a gap between the upper boundary and flap of 1
mm and 2 mm, respectively. In both cases the static pressure reaches a value close to zero a few
centimeters downstream of the flap. Fig. 7b and ¢ show contour plots of velocity magnitude for the same
flow rates; the flow accelerates in the narrow gap between flap and upper boundary.

Static presure in Pa

(a) 254 -20 2'1 448 682

(b)

Velocity magnitude in m/s

(c) 0 10 20 30 40

(d)
Figure 7: Contour plots of the static pressure: a) Q = 18.2 L min -1 (y=1mm) b)

Q = 43.2 L min—! (y = 2 mm). Contour plots of the velocity magnitude: ¢) Q = 18.2 L
] B .1
min d)Q= 43.2L min" .

Fig. 8 is a qualitative comparison of computational FSI results and experiment. Initially, when no pressure
drop is applied, the variable bypass element is closed and no flow is observed. When the pressure drop is
increased to 400 Pa the element remains closed due to the pre-loading of the flap. At 550 Pa the element
starts to open. After a change of applied pressure the flap moved quickly to a new stable position; the flap
did not vibrate for the range of pressure drops tested.
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;2 variable bypass element. Columns show the FSI simulation results, photos from the

>7 experiment and detail photos of the flap tip. Rows correspond to different pressure drops.
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31 Quantitative results are shown in Fig. 9. Fig. 9a shows the flowrate as a function of pressure drop when the
32 flap is free to move (Qfree) and when it is fixed (glued) to the upper boundary (Qfixed). For pressure drops
33 smaller than 450 Pa similar flow rates are observed for Qfree and Qfixed. For these pressure drops the flap is
34 in contact with the upper boundary, even when free to move. For larger pressure drops the measurements
35 for Qfree and Qrixed deviate: larger flow rates are observed for Qfee, i.6. when the flap is free to open. These
36 results show the leakage through the clearance at the sides of the flap (Fig. 3). The two-dimensional FSI
37 model does not account for this leakage. However, the real variable bypass element may be approximated
38 as an ideal variable element with perfect sealing together with a constant flow resistance in parallel to

39 model the leakage. With this model in mind the flowrate through the ideal variable element is

40 approximately Qfrec - Qfixed. Therefore, Fig. 9b compares the computational result for the pressure-flowrate
41 relationship from the 2D FSI simulation with the measurement Qfree - Qfixed. Good agreement is observed.
42 Fig. 9¢ plots y, the size of gap between flap and upper boundary, as a function of pressure drop. Good

43 agreement is again observed; experiment and simulation both predict that the flap opens at a pressure drop
44 of around 450 Pa. Fig. 9d is a plot of the flow resistance R, of the simulated variable bypass element as a
45 function of pressure drop Aps, see Eq. 12. For the ideal variable bypass device no flowrate is observed for
46 pressure drops less than 450 Pa and the flow resistance therefore becomes infinitely large.
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Figure 9: a) Experimental results for flow rate as a function of applied pressure drop Ap,,

when the flap is free to move (Q..) and the leakage flow when it is fixed (Qfyeq)- b)
Comparison of predicted flowrate and experimental flowrate difference Qe - Qfixed- )
Comparison of computational and experimental results for the gap size y. d) Flow
resistance R, of the bypass element as a function of applied pressure drop Ap,,.

3.2 Optimization Results

The simulated variable flow resistance R, was used in a network of flow resistances to achieve optimal
drug delivery in terms of the overall cost function C = C4 + Cp for two extreme inhalation profiles Tor, 1(t)
and Tror2(t), see Fig. 6. The optimal values for the flow resistances are shown in Table 4.
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Fig. 10a shows M(x), the mass of released drug as a function of scaled volume x, for the two inhalation
profiles Tor, 1 and T'or2 together with the target profile Miarger. Including the variable element helps to
achieve good agreement with the target profile (cost function B) and breath rate independence (cost

function A), even though T, 1 and T2 are very different.

=
N

=
o

0 20

=
N
o

=
o
o

80

60

40

20

40 60 80
Total flow rate Q¢ in Lfmin

100

N

0 20 40 60 80
Total flow rate Q¢ in L/min

http://mc.manuscriptcentral.com/(site)

100



ONOYULT B WN =

Journal name Page 20 of 59

Figure 10: a) Drug release profiles M (x) for an optimized DPI with variable bypass
element for two extreme inhalation profiles 7', (t) and T,(t). Behaviour of the idealized,
optimized DPI: b) Q,, flow rate through the entrainment unit, as a function of Q.. total

. . Q . .
inhalation flow rate. ¢) r = Q—i, bypass ratio, as a function of Q. d) Ryoy, total flow

resistance, as a function of Q.

Fig. 10b, ¢ and d display the response of the optimized DPI. Fig. 10b shows the Qo - Q. relationship. For
total flowrates larger than 20 L/min an almost constant entrainment flow rate Q. is observed. Since the rate
of drug entrainment mainly depends on the flow rate in the entrainment compartment the release rate
should be very similar for different patients. Fig. 10c shows the bypass ratio r as a function of total
inhalation flow rate Q. A small constant bypass ratio is observed for Qi smaller than 20 L/min. For Qo
larger than 20 L/min, the bypass ratio starts to grow approximately linearly. Fig. 10d is the total flow
resistance Ryot as a function of Qyot.

To test the optimized variable bypass DPI, performance was evaluated using the same sample inhalation
profiles as used in our previous paper (18) on a DPI with a settable bypass, see Fig. 11. Fig. 11a and b show
inhalation manoeuvres of two sample patients with different lung function. Fig. 11c and d show the
corresponding entrainment flow rate profiles Q.(t). Since the Qot - Q. profile reaches a plateau of Q. ~ 12
L/min when the total flow rate Qo = 20L/min, these profiles appear as if they are ‘cut off’. Fig. 11e and f
show the corresponding drug release profiles M(x). Good agreement with the target profile is observed for
both patients. This DPI achieves a similar performance to the concept DPI proposed in our previous work
where the resistance could be set at a fixed magnitude chosen to be appropriate for an individual patient’s
lung function (18). However, the advantage of this variable resistance DPI is that it can work for a large
range of patients with different inhalation profiles, without the requirement for patient dependent
personalization.
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4 Conclusions

In this study numerical simulations and optimization techniques were applied to design a DPI with a
variable, adaptive bypass channel. Computational FSI and experiments have been applied to understand the
response of a simple, idealized flap valve variable bypass. This element was utilized to achieve a more
constant flow rate through the entrainment unit than would be possible with fixed flow resistances. The
developed DPI is predicted to accurately deliver drug for patients with highly different inhalation
manoeuvres without the need to choose the correct amount of bypass for each patient. The effectiveness of
the optimized DPI has been shown by means of a numerical study.
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