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IV 

Abstract 

Inhalation drug therapy is becoming increasingly important as a fast acting non­

invasive method of administering drugs. The inhaled mist has to pass most of the 

anatomy of the human lung which acts as a filter. Only a certain size of particles 

will be able to pass deep enough in die lungs to have therapeutic effect. 

Current devices for aerosol administration are pressurised canisters which use 

a propellant gas to eject the aerosol. The size distribution of the droplets in the 

aerosol is large and most of the medicine will never be able to reach the deep lung. 

The ideal size of the particles lies in the 4 to 5 ßm range. All particles that will be 

inhaled should be at least smaller then 6 ¡im.. 

To arrive at an aerosol with a sufficiently small size distribution, drop on de­

mand technique was used. New etching technology (Deep Reactive Ion Etching) 

permitted the production of nozzles that are small enough to generate the proper 

particle size for inhalation and which have a low enough flow resistance to be used 

in a battery operated, portable device. 

The basic operation parameter of the device are connected with the resonances 

and modeshapes. When the actuation frequency is that of die resonance of die right 

modeshape droplet ejection can occur. Three different designs were optimised 

using finite element method to address each a particular resonance mode. Two of 

the designs proved successful, and showed some of the most critical characteristics 

for use in inhalation drug therapy. 

The final device not only has superior characteristics in droplet generation 

compared to traditional devices, it is also an active element which can be inte­

grated into an intelligent system. 
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Chapter 1 

Introduction 

1.1 Inhalation Drug Therapy 

Inhalation drug therapy (IDT) is becoming increasingly important as a fast act­

ing, non-invasive method for drug administration. It acts on the receptor sites in 

the deep lung, mostly located on the muscle tissue there. Inhalation as treatment 

method was already known for centuries in the form of steam and vapour inhala­

tion. The last few decades it found wider application in systematic treatment with 

the invention of the metered dose inhaler (MDI). 

The MDI (see fig.'s 1.1 and 1.2) consists of a pressurised canister, a metering 

valve and a nozzle. The medicine is filled in the metering valve during priming. 

When actuating the valve, the metering chamber is connected with the nozzle and 

the medicine is sprayed out. This spray is subsequently inhaled and transported 

through the lung to arrive at its target site. 

Key characteristic is the size of the droplets in the spray or aerosol. The aerosol 

coming from the MDI has a rather broad distribution of droplet sizes. Especially 

the bigger droplets represent a large portion of the total ejected volume as can be 

seen from fig. 1.3. Due to this distribution the efficacy of the treatment is quite 

low: only 10 to 20% of the aerosol has the potential to arrive in the deep lung. 

Droplets that are too big will not arrive deep enough in the lung, others that are 

too small will be exhaled again [1.1]. Medicine that does not arrive at the right 

1 
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Figure 1.1: Typical MDI device, it consists of a pressurised canister, metering 

valve and an atomiser nozzle. The driving force is a propellant gas. 

place is not only lost but can also cause unwanted effects. To produce a finer mist, 

a propellent gas is used which vaporises during die first phase outside the nozzle 

and tìius shrinking the size of die droplets. One of the goals of this research is to 

find a method for generating die mist of medicine that does not use a propellant 

gas and gives a more uniform aerosol. 

An other weak point in the MDI's used is that there is no coordination between 

the generation of the aerosol and the actual inhalation flow. Once activated, the 

MDI will eject its full dose (see fig. 1.4). Due to poor coordination of the patient, 

part of the dose can get lost because it never gets properly inhaled. 

When an active element is used to vaporise the medicine it will be possible 

to electronically start and stop the generation of mist. Putting such a device in a 

system with a micro-controller and a sensor that measures die inhalation flow, will 

make it possible to use feedback control on die mist generation. Such a device 

can be called a 'smart inhaler' 'which would eliminate the coordination problem 

and will largely improve the effectiveness of the treatment, this in turn improves 

the quality of life of the patient. It is possible to compute the effective dose that 

arrived in the deep lung when the airflow is known exactly as well as the aerosol-

'Trademark of Microflow engineering S.A. 

Mouthpiece 
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Figure 1.2: A collection of inhalers, several MDI devices are shown together with 

dry powder inhalers which are used in practically the same way as an MDI. (cur­

tesy of the 'Astma Fonds', from the brochure 'Medicijnen', sixth issue 1996.) 

generation-timing. This measurement information can be used as feedback to pa­

tient and/or the treating physician. Chapter 2 describes how the optimal droplet 

size can be found and how to find the total lung dose. Results of this chapter can 

also be used to find the parameters for the controller. 

Currently systems exist that generate an aerosol with a very small size distri­

bution (i.e. a mono-dispersive aerosol) and that are breath actuated. Due to their 

size and complexity their use is limited to bed side treatment. This project aims to 
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Figure 1.4: Normal use of an MDI. The patient has to inhale and at the same time 

trigger the device. 
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develop a portable device so that systematic treatment is possible outside a hospital 

environment. 

1.2 Using Ink-jet techniques 

The mist, or aerosol, generated by the MDI has a very broad distribution of sizes 

(see fig. 1.3). Such an aerosol is called poly-disperse. Only a small part of the 

distribution, a certain size window, arrives where it is needed. An aerosol with 

only droplets of one size on the other hand, is called mono-dispersive. 

To improve the effectiveness of the treatment the aerosol generator has to be 

changed to one that is capable of generating such a mono-disperse aerosol. A very 

common way of generating small droplets of a very precise volume is already used 

in ink-jet printers but their droplet size is not yet suitable for IDT. The approach 

for this research is to look at existing ink-jet droplet generators and to use the same 

basic techniques. Chapter 3 goes into the different techniques reported in literature 

and will discuss the merits and drawbacks, to arrive at the basic design. 

The lowest droplet size reported from an ink-jet type device is in the order 

of 30 firn diameter, while the demand for IDT lies in the region of 4 to 5 /¿m 

diameter. The nozzle size is defining the droplet size, so that smaller as usual 

ejection nozzles are needed. Disadvantage of such small nozzles is the high flow 

resistance, which demands high energy for droplet ejection. Shortening the actual 

channel length of the nozzle, can compensate some of this higher flow resistance. 

New Deep Reactive Ion Etching (DRIE [1.3]) techniques make it possible to 

etch features of only a few microns in size with a maximum ratio between the 

height and width, the aspect ratio, of 20. This technique can also be used to make 

very small nozzles in thin membranes, facilitating a low as possible flow resistance. 

1.3 Micro-technology 

The potential market for an IDT systems is enormous. This means mat a vaporiser 

should be developed that can be mass produced. One of the advantages of using 
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microtechnology is that producing higher numbers is simply done by parallel pro­

cessing; all similar features are produced at the same time on all devices. This 

is also called batch processing. Contrary, in traditional technology where every 

device is processed in a single step fashion. 

An other advantage of microtechnology is the accuracy with which devices are 

produced. There is no wear of tools or something similar so that a constant, high, 

quality is easily achieved. 

1.4 A hand held device 

For an IDT device to be useful outside a hospital environment it should be portable 

and preferably be of such a size that it is easily carried around in e.g. a shirt pocket 

or handbag. The power consumption of such a device should be so low that reliable 

operation is possible from a battery. Such a battery should outlast the total number 

of doses that are ejected from the device. 

Most of the time the device will be sitting idle in the shirt pocket or handbag. 

Depending on the treatment chosen it will be used for one or two times a day, at 

these times it should function within its specifications (see chapter 2 for details on 

the demands). The nozzle(s) of the vaporiser should not get clogged due to drying 

of the medicine. A complicated priming procedure is also not preferable because 

of the possible excited state of the patient, for instance when an attack is coming. 

The maximum allowable priming can be activated by opening a protective cover. 

1.5 Outline of the thesis 

This thesis is a systematic treatment of the research done on the vaporiser element 

in the 'smart inhaler'. The main goal was to develop a vaporiser that generates 

a mono-dispersive aerosol which can be electronically controlled. The two main 

subjects are a computer model of the human lung (chapter 2) and the building of the 

actual vaporiser (rest of the chapters). The computer model was built to get more 

insight in die ideal droplet size for inhalation and in the transport mechanisms. 
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Finally experimental observations on small droplets can be used as feedback to 

fine tune and perfect the computer model. 

The vaporiser was developed, starting from existing droplet generators found 

in literature (chapter 3). During the first development phase characterisation tech­

niques had to be found and some were partially developed (chapter 4). 

After that several series of devices were built by trial and error, and some of 

the basic operational parameters were understood, a systematic modelling and op­

timisation procedure was started (chapter 5). This was done to find an improved 

design that had a better stability and higher efficiency. Finally three optimised de­

signs were fabricated and tested: Chapter 6 shows that we succeeded in developing 

a vaporiser suitable for inhalation drug therapy. 
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Chapter 2 

Transport and deposition of particles 

Abstract 

The different mechanisms involved in the transport and deposition of small 

particles inside the human lung were investigated. The ideal size of the droplets in 

the aerosol was calculated using a computer model. To arrive as deep as possible 

in the lung the droplets should be in the 1 to 2 pm range. The interaction sites for 

most medicine are higher up in the lung and to arrive there bigger particles (4 to 5 

p,m) should be used. The upper limit for particles that can be transported through 

the lung was found to be 6 pm. Only small differences in the optimal size, were 

found between the different age groups and different breathing patterns. 

2.1 Introduction 

The generated aerosol has to enter deep into the lung to have its therapeutic ef­

fect. On its way there it passes most of the anatomy of the lung which works as 

a filter that filters out most of the particles. It is essential to take a closer look 

at the anatomy and the movement of air in and out of the lung to get a feeling 

for the filter function and thus the efficiency of the particle transport. The first 

part of this chapter looks at the anatomy and the air flow in and out of the human 

lung. If we compare the Reynolds numbers (see table 2.1) of the air flow with the 

critical value of 1600 we see that mostly a laminar flow can be expected (the first 

9 
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generations of bifurcations might be in the danger zone). This air flow is used as 

carrier for the aerosol, so particles that follow the streamlines should arrive in the 

deep lung as the air flow does. There are three mechanisms; sedimentation, diffu­

sion and impaction, that will move the particle away from the streamline and (for 

a part) towards the lung-wall. Paragraph 2.3 will discuss the different deposition 

mechanisms and their dependence on flow and geometry. 

These factors (airflow and deposition mechanisms) can be combined in a com­

puter programme to arrive at a transport model—and thus the filter function—of 

the human lung. One computer model specific for finding the optimal particle 

deposition in the deep lung was constructed. This to gain insight in the different 

deposition mechanisms and to find.out which one causes certain particles to be de­

posited where. In literature also a number of models can be found, each used for a 

specific goal. Paragraph 2.4 will discuss these models and the results of our calcu­

lations. Finally this information is used to set the droplet size and flow parameters 

for the aerosol generator. 

2.2 The Human Lung 

The human lung consists of a series of bifurcating tubes with decreasing diame­

ter and length. E. Weibel [2.1], described these by a regular model where every 

tube—the parent—splits up into two smaller daughter tubes of equal diameter (see 

fig. 2.1). Considering the Weibel 'A' model there are 23 generations of airways 

(i.e. 22 bifurcations) From these the last six are the farthest away from the mouth 

and hold the alveoli or lung-sacs. It is only there that gas exchange occurs. 

Medicine has its therapeutic effect in different area's of the lung depending on 

the type of medicine [2.2]. Most medicine work in the area of the 17th to 23th 

generation. All that comes before this area works as a filter with a certain transfer 

function. Table 2.1 gives the sizes of the tubes as measured by E. Weibel. K. 

Horsfield et.al. [2.3] published a more statistical approach to the lung morphology, 

where every tube splits up in two unequal branches depending on how the parent 

tube branched off its parent. To make a computer model of this each individual 
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Figure 2,1: Schematic view of the human lung, from Weibei [2.1]. The numbers 

on the right are the generation numbers. Generations ¡7 and beyond hold the 

alveoli where the gas exchange takes place. Also in these last generations (17 to 

23) the muscle tissue and receptor sites for the most common asthma medicine. 

tube will have to be modelled, contrary to the Weibei model where only one type 

of tube exists per generation. The Weibei model will be used for the simulations 

because of its simplicity. Data from Horsfield, on branching angles and radii, will 

be used to complete the Weibei model. The extra-thoracic part of the airways 

(i.e. the mouth and throat) are left out of the model as simplification. A properly 

designed inhaler will show little loss in that area (see also the conclusion and 

discussion of this chapter) 

During inhalation the lung is filled with fresh air. The air is humidified and 

heated to body temperature in the nasal cavity or—by mouth breathing—in the 
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upper airways. The oxygen in the air is exchanged for CO2 in the respiratory zone 

of the lung (see Fig. 2.1. After that the air is exhaled again. The maximum volume 

of air in the lung is referred to as the Total Lung Capacity (TLC). Under normal 

breathing conditions the lung is never completely filled to this level. At exhalation 

Table 2.1: Geometry ofthe human lung from the Weibel model 'A' [2.1]. Sizes are 

given for a iung at 15% TLC (see explanation on page 12). The last six generations 

hold about 3120 cm3 in alveolar volume in addition to the generation volume. This 

gives a total volume of4.2L. 

name 

Trachea 
Bronchi 

Bronchioles 

Terminal and 
Respiratory 
Bronchioles 

Alveolar-
Ducts 

Alveolar sacs 

generation 
number 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Width 
(cm) 

1.8 
1.22 
0.83 
0.56 
0.45 
0.35 
0.28 
0.23 

0.186 
0.154 
0.13 

0.109 
0.095 
0.082 
0.074 
0.066 
0.06 
0.054 
0.050 
0.047 
0.045 
0.043 
0.041 
0.041 

length 
(cm) 

12.0 
4.76 
1.9 

0.76 
1.27 
1.07 
0.90 
0.76 
0.64 
0.54 
0.46 
0.39 
0.33 
0.27 
0.23 
0.2 

0.165 
0.141 
0.117 
0.099 
0.083 
0.070 
0.059 
0.050 

volume in 
generation 

{cm3) 
30.52 
11.12 
4.11 
1.50 
3.31 
3.29 
3.54 
0.17 
4.45 
5.15 
6.25 
7.45 
9.58 
11.67 
16.20 
22.41 
30.56 
42.30 
60.19 
90.01 
138.35 
213.08 
326.55 
553.47 

Reynolds 
number 

1965.9 
1450.2 
1065.8 
789.9 
491.5 
315.9 
197.5 
120.2 
74.3 
44.9 
26.6 
15.9 
9.1 
5.3 
2.9 
1.6 
0.9 
0.5 
0.3 
0.1 
0.1 
0.0 
0.0 
0.0 
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Figure2.2: The different characteristics of a breathing cycle [2.4]. The spirometer 

measures the complement of the total lung capacity. 

the lung is never completely emptied either, a certain volume of air remains; the 

Functional Residual Capacity (FRC). The volume of inhaled air is called the tidal 

volume. A comprehensive diagram is shown in fig. 2.2, it shows the lung volume 

during a breathing cycle. More in-depth information can be found in the book by J. 

B West [2.4]. Physical exercise will usually give a higher flow, while during sleep 

it is lower. For an asthmatic these levels and the tidal volume are different from 

a healthy person. Mostly they are comparable with an healthy person under light 

exercise conditions [2.5] but with a different lung configuration. Table 2.2 gives 

a comparison of different breathing patterns characteristic for different groups of 

people. 

The sizes as given by Weibel or Horsfield correspond only to one position or 

volume of the lung. To arrive at the right sizes during inhalation the diameter 

and length of the tubes have to be scaled. This makes the lung a very dynamic 

environment and very hard to model to its full extent, i.e. simplifications have to 

be applied. Secondly, these models represent a healthy lung, one that needs no 
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medicine. A proper model should account for the obstruction of lung tubes as seen 

with asthmatics. Kim et.al. investigated this and came with 12 characteristic cases. 

They found that in different subjects different area's (generations) were obstructed. 

Table 2.3 lists these, where the first column gives the obstructed generation(s) and 

the second the amount of obstruction. Several of these cases will be investigated 

with our lung model later on. 

Table 2.2: Typical breathing patterns [2.6]. The ñrst line of each case is under 

light exercise and the second under normal breathing conditions. 

male 
male 

female 
female 

15y male 
15y male 

15y female 
15y female 

1Oy 
1Oy 
5y 
5y 

height 
(cm) 
176 
176 
163 
163 
169 
169 
161 
161 
138 
138 
110 
110 

Breathing 
period (s) 

3 
4.5 

2.86 
2.78 
2.6 
3.2 
2.5 
2.5 

1.875 
2 

1.3 
1.28 

flow 
(1/min) 

50 
20 
42 
20 
46 
20 
43 
20 
37 
20 
19 
20 

Vtidal 
(ml) 
1250 
750 
992 
464 
1000 
533 
903 
417 
583 
333 
244 
213 

FRC 
(ml) 
3300 
3300 
2681 
2681 
2677 
2677 
2325 
2325 
1484 
1484 
767 
767 

Table 2.3: Different possibilities for obstructions of airways as observed in an 

asthmatic 's lung. The fìrst column lists the obstructed generation(s) and the second 

the amount of obstruction [2.1], 

obstructed 
genera tion(s) 

3 
0-3 
4-7 
0-7 
8-16 
0-16 

amount of 
obstruction 
25 ,40 % 

,, 

l i 

,, 
,, 
,, 
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Apart from this there is still the intra and inter patient variability. Which means 

that the same patient might have a different lung configuration from one inhalation 

to the next. There are also differences between patients, the inter patient variability. 

This variation is comparable with the differences in hight and/or weight between 

the different persons. 

The change in air pressure between the mouth and alveoli during breathing is 

only several mbar. Hence the air flow can be considered incompressible and thus 

it is sufficient to only look at the mass transport. 

Also from table 2.1 can be seen that most of the inhaled volume goes to the 

last three generations and the alveoli. The first inhaled air will enter the deepest 

into the lung. The last part of the inhalation will never reach the deep lung. This 

indicates that it will not be useful to generate an aerosol during all of the inhalation. 

2.3 Deposition mechanisms 

Small particles are taken inside the lung with the airstream. Without external in­

fluence the particles will exactly follow the streamlines of the flow. There are three 

mechanisms to divert the particles from the streamlines; diffusion, sedimentation 

and impaction. Each of these will be discussed separately below. It is assumed 

that the particles will move exactly with the flow if there are no external influences 

working. The deposition probability can then be calculated from the distance trav­

elled away from the original location on the streamline. 

2.3.1 Diffusion 

Diffusion is the process that tends to equalise the concentration of a species through' 

out a continuum. The driving force is the thermal energy, the higher the tempera­

ture the faster the diffusion. The general expression for diffusion is Fick's law: 

^= 6Dt (2.1) 

with D the diffusion constant. It expresses the average diffusion distance Cx) after 

a time i. 
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^ - Diffusion distance 

Tube width 

Figure 2.3: Schematic view of diffusion deposition 

Einstein's expression for diffusion and mobility: 

D = kT-b (2.2) 

With ò the mobility of the species. To arrive at the mobility we take a look at the 

friction of a small, round particle with diameter d, moving with a speed v in a fluid 

of viscosity v. The friction force equals [2.8]: 

Ff = toudv (2.3) 

From this, one can deduce that the mobility equals: 

%-nvd 

Finally this gives the diffusion constant for small particles in a fluid as: 

37iW 

If we now look at a particle travelling on a streamline through the lung: after a 

time Ai it will on average have moved y/6At • D away from its original location 

on the streamline. It is now possible to construct a sphere with this radius around 

the original location of the particle. The fraction of the sphere that intersects with 

the wall is now the deposition probability. A slightly simplified model can be 

made by looking at this, tube for tube and for all particles at the same time. At 

the beginning of the tube (at t = 0) all particles will be inside the tube. The 

distribution now moves outwards due to the diffusion (see fig. 2.3). The part of 

the distribution that falls outside the tube diameter can be considered deposited. 
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If the particles fall inside a tube with width W aX t = Q, they will diffuse out to 

W + \/6Ai • D after a time Ai (see fig. 2.3). The fraction of particles falling 

outside the tube is now: 

C 
(W + V6At -Df -W' 

W2 (2.6) 

This formula holds as long as all the particles are evenly distributed over the 

diameter of the tube. Usually more particles are found towards the centre. Also 

differences in flow speed between the centre and wall give differences in the de­

position. All three models (diffusion, sedimentation and impaction) that will be 

presented here will not consider these problems so that the complete lung model 

will be build on the same assumptions. A more elaborated formula was given by 

Ingham [2.9]: 

C = 

A = 

Un = 

Sa 2A(l + a)"] 1 / 2 

Vn(I+ a) 
.4 — 5a 

a + 

1 + a 
J t - T - A i 

16(1+ a) 

3 v ^ ( l + a) 

A(I + a) 

a 
(2.7) 

3x7}d2W2 

2U 
1 + a 

W2 

This formula takes in account the difference in flow speed between the centre of 

the tube and the wall. The factor a is the slip-factor, giving the flow pattern u. 

For a = 0 there is no slip and the flow pattern is the normal laminar one. For 

a = 1 there is total slip which corresponds to a flat velocity profile (plug flow). 

This formula should be used in combination with more elaborate models for the 

sedimentation and impaction. 

From (2.5) it can be seen that the diffusion rises with falling particle diameter. 

So smaller particles will have a higher chance of diffusing toward the walls of the 

tubes. There is also a time dependence (eq. (2.6)), the shorter time the particle 

takes to travel through the lung the smaller me distance it will have diffused away 

from its original streamline and thus a lower deposition probability. 



18 CHAPTER 2. TRANSPORT AND DEPOSITION OF PARTICLES 

2.3.2 Sedimentation 

Sedimentation is the process caused by gravity; all particles of diameter d and 

specific gravity p, experience a pull from gravity (g): 

F9 = ^TTd3-p-g (2.8) 

Combining this with the air-resistance (2.3) gives that ultimately all particles are 

moving in the direction of g with a speed: 

* = *1 <M> 

which is also known as the settling speed. 

Particles that move through a tube without gravity (diffusion is left out for this 

part of the discussion) will sweep through the inner volume of the tube. Under 

the influence of gravity this sweep-through volume will deform in the gravity 

direction (see fig. 2.4). The deposited fraction is simply the fraction of the sweep 

though-volume that falls outside the tube. The sedimentation distance vs • Ai is 

small compared to the tube diameter so it is sufficient to correct the sedimentation 

distance for the gravity angle i.e.: 

dsed = vs -t-cosa (2.10) 

The sedimentation fraction is the difference between the two overlapping circles 

in fig. 2.4 and equals for a tube with width W: 

„ , 2 ( fvttcosa\ 2vttcc 
S = I-- grecos [-^p-) - —jy 

This again holds if the particles are uniformly distributed. 

The settling speed is higher for larger particles, and hence the sedimentation 

fraction will be higher for larger particles. This effect is opposite to the diffu­

sion and makes that there is an optimum between these two. The sedimentation 

is maximum in a horizontal tube (cosa is maximal there). With many tubes in 

one generation under all possible angels, the gravitation angle takes a cosine like 

distribution. The sedimentation can than be calculated for the whole generation 

with the average gravitation angle. 

(2.11) 
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t=¿t Sedimentation distance 

Figure 2.4: Schematic view of sedimentation deposition 

Figure 2.5: Simplifìed view of a bifurcation [2.3] 

2.3.3 Impaction 

At every bifurcation the tubes, and thus the airstream, make a certain angle. While 

making this angle the particles experience a certain acceleration. The only force 

available to keep the particles on the stream line is again the friction force (2.3). A 

simplified geometry of a bifurcation is shown in fig, 2.5. Outwards pointing from 

the streamline is the centrifugal force [2.10]; 

/ c = mru* (2.12) 

In which m is the mass of the particle and r the radius to the origin of the rotation. 

uj —the angular rate— can be expressed in the bending radius (R) and flow (q) as: 

TTd2 

U? = 
ARq 

(2-13) 
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If this centrifugal force is used in (2.9) instead of the gravitational force, we get 

for (2.11): 

r i 2 ( fVjcosa\ 
/ = l - - ( ^ c c o s ( - ^ ) -

2vjtcos a 

W 
(2.14) 

Which is now the impaction deposition in a certain bifurcation. The bending radius 

R, was replaced by the bifurcation angle (a). Both the bifurcation angel and R 

were taken from [2.3]. 

Also the impaction rises for larger particles, but now also a flow speed depen­

dence can be seen, for higher flow the impaction is higher. This is contrary to the 

two previous mechanisms (diffusion and sedimentation). 

2.4 Lung-Modelling 

Direct measurement of particle deposition is possible by using radioactive labelled 

particles and looking at the radioactive emission from the patient. An other pos­

sibility is using a salt solution that is fast cleared from the body. Both methods 

are inaccurate and quite demanding on the patient. To overcome this, various lung 

models have been built, both as physical model as well as computer models. Some 

of the physical models are used as industry standards to validate the output of pres­

surised canisters aerosol generators. They are mostly fixed representations of only 

one lung configuration, which limits their use for research. 

Computer models have the advantage that every deposition mechanism can be 

studied separate from all other effects and under all thinkable circumstances. The 

problem is to get an accurate representation of the real world problem; a computer 

model is limited by the information provided by its programmer. 

Computer models have been made to calculate the deposition of various kinds 

of particles; industrial dust particles (radioactive radon, diesel exhaust, asbestus 

etc.), pollen or aerosolised medicine, where the interest is mostly in the total de­

posited dose. Certain groups are working on improving the modelling and calcula-
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tion method itself [2.11,2.12]. Others try to improve the models of the behaviour 

of the particle in the lung environment. For instance G. Ferron et.al. [2.13] re­

ported on their study of the behaviour of hygroscopic particles in the human lung. 

2.4.1 Literature results 

Before looking at literature results it is important to note what it is we are interested 

in. The aerosol has to be transported into the deep lung and be deposited there. 

Most reported models were made for toxic particles and look at the total lung 

deposition versus the particle size, no distinction is made for the deep lung. 

D.A. Edwards [2.14] used a filter approach to model the lung and calculate 

the total lung deposition of particles. His model uses the Weibel 'A' geometry 

and takes in account the axial movement of the aerosol. The model is made in an 

analytical way and final calculations were done using a computer. His main results 

are presented in table 2.4. They are the total deposition in a healthy lung of small 

particles. The minimum total deposition was found at 0.4 ¡jm with a deposition 

between 10 and 20% depending on the breathing pattern. 

W. Hofmann and L. Koblinger presented similar results from a Monte-Carlo 

type simulation [2.11]. The model here is build on the Horsfield lung model. 

Monte-Carlo simulation was used to express the inter- and intra-patient variations. 

Hofmann and Koblinger present in the parts I and II [2.16,2.17] of their series 

of articles more detailed data on the lung modelling and also on regional deposi­

tion. W. Stahlhofen et.al [2.18,2.19, 2.20] did measurements on reginal deposition 

which were fitted to the curves of M. Egan et.al. [2.21]. They distinguish between 

the slow and fast clearing regions of the lung. This referrers to the clearing of mu­

cus. Up to generation 17 the mucus is fast clearing, which means it is transported 

rather fast to the trachea. In this way the human lung is able to clear itself from 

deposited particles (for instance dust). There is no mucus transport from the 17th 

to 23rd generation, any deposition there has to be removed by the blood stream. 

This is a slow process for solid particles, hence the name slow clearing region. 

Of interest for us is the slow clearing fraction i.e. the fraction that is deposited in 

the slow clearing region. Main results are shown in table 2.5. These results are 



22 CHAPTER 2. TRANSPORT AND DEPOSITION OF PARTICLES 

complementary to the ones in table 2.4 because they give the size of particles that 

have the maximum deposition in the respiratory region. 

From this data it can already be seen that the particles that have the highest 

deposition rate in the respiratory region are bigger then the ones with the lowest 

transport loss. These calculations were done on only a few breathing patterns and 

no effort was done to see how deposition in a certain area could be maximised. 

Table 2.4: Key results on total deposition from D.A. Edwards [2.14] and W. Hof­

mann and L. Koblinger [2.15]. Vt ; tidal volume, Q; now, Min size; particle size at 

which the minimum deposition occurs, Min %; percentage of particles deposited 

at this minimum, Deposition of 5 ßm; percentage ofSfxm diameter particles that 

gets deposited. 

vt 
OnL) 
510 
510 
1085 
500 
100 

Q 
(mL/s) 

250 
250 
500 
250 
250 

Min 
size (pm) 

0.4 
0.4 
0.4 
0.5 
0.5 

Min 
% 
20 
10 
25 
12 
20 

deposition 
of 5 ¡im 

70% 
70% 
80% 
90% 
100% 

remark 

[2.14] 
improved [2.14] 

[2.14] 
[2.15] 
[2.15] 

Table 2.5: Slow clearing fraction of the total lung deposition. Vt; tidal volume, Q; 

now, top size; particle size that has the maximum deposition in the slow clearing 

region, top %; percentage of particles deposited in the slow clearing region. 

Vt 

1000 
1500 
500 
250 
1000 

Q 

250 
750 
250 
250 
555 

top 
size 
4,7 
4.0 
6.0 
7.0 
2.0 

top 
% 
60 
55 
35 
12 
50 

remark 

[2.21,2.18,2.19,2.20] 
[2.21,2.18,2.19,2.20] 
[2.21,2.18,2.19,2.20] 
[2.21,2.18,2.19,2.20] 

[2.17] 
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2.4.2 Our lung model 

To overcome the limitation of the other models, no specific information on local 

deposition, data only available for a healthy lung and for a few breathing patterns, 

we made our own model. The geometrical data from Weibel was used together 

with the deposition formula's presented in the previous paragraphs (formula's 2.6, 

2.11 and 2.14). Particles that manage to pass the 17th generation are considered 

deposited and bio-available. This means that none of the particles is exhaled again. 

Later on it will be shown that this assumption is valid under certain circumstances. 

The calculation method used is finite time stepping. For every time step the 

airflow and deposition are calculated. The driving part is the breathing which 

gives the total inhalation flow and total lung volume. Tube diameters are scaled 

to achieve this total volume. A proper way of arriving at the 'configuration' of 

the lung for a certain lung volume is to scale the diameters with the square of the 

volume factor (the current volume over TLC) and the lengths linear with the same 

factor [2.22]. This procedure is rather crude and more sophisticated procedures 

exist but only minor changes can be expected [2.23]. The flow speed is calculated 

for every generation by simply dividing the total inhalation flow by the number 

of tubes in the generation times one tube's area. With the scaled diameters and 

flow speed the sedimentation and diffusion can be calculated. The impaction is 

also calculated for every time step. All this information is stored on disk. The 

deposition is now known as function of time and place. The sedimentation and 

diffusion data are integrated over the time path taken by the particles through the 

1st to 17th generation, to give the transport loss. The impaction is taken every time 

a particle passes from one generation to the next. This is repeated for all particle 

diameters of interest. Breathing pattern (breathing frequency, flow variation) and 

characteristic lung volumes (FRC and Tidal volume) are external parameter to the 

programme. 

The model uses only one ideal lung morphology (from table 2.1) but should 

do predictions for a whole population. This can be achieved by varying the sizes 

given and looking at the influences of these changes. This wasn't done yet, but 

could be part of further research. Secondly does the model describe a healthy lung 
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while the aerosol particles will be transported through a diseased lung. To look at 

the differences between the healthy and diseased lung we used the morphological 

data from Kim (table 2.3) to model a diseased lung. 

2.43 Results 

First the transport loss (e.g. deposition in generations 1 to 17) under different 

breathing conditions will be considered. The transport loss is always taken as the 

fraction that is deposited before the 17th generation. Secondly the place where 

particles are deposited and deposition mechanism responsible for this will be in­

vestigated. 

Fig. 2.6 shows the basic transport loss curve for a male under normal breathing 

(cf. table 2.2). Clearly can be seen that there is an optimum particle size around 

2 ¡im and that sedimentation is the main deposition mechanism as the particles 

get bigger. If we now compare this graph with the one for a male at exercise (fig. 

2.7), it can be clearly seen that here the transport loss is lower. This is mainly due 

to the fact that there is less time for sedimentation and the impaction did not rise 

appreciable yet. Fig. 2.8 shows that the main deposition mechanism for 2 //m par­

ticles is diffusion and that most of the lost particles are deposited towards the lower 

airways. This can be explained by the lower flow speed and thus longer residence 

times of the particles in these generations. The impaction has a maximum around 

the 3rd generation. 

For a female (see fig's. 2.9,2.10) the same effect can be seen; a lower transport 

loss under the exercise condition. Again the optimal particle size did not change 

appreciably. Table 2.6 summarises the results for all age groups. 

Table 2.7 summarises our the calculation results for the obstructed lung. The 

graphs are not substantially different from the ones shown before (fig's 2.6 to 2.10) 

so they are omitted. The same tendency can be seen, a smooth varying function 

that has an optimum in the 1 to 1.5 ¡im region. The optimal size is slightly smaller 

then what was seen for the healthy lung. Remarkable is that impaction is the main 

deposition mechanism in the obstructed regions. Which can be understood by the 

higher flow rates in these regions. 
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Figure 2.6: Transport loss in generations 1 to 17, for a male at rest. 
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Figure 2.7: Transport loss in generations 1 to 17, for a maie at exercise conditions. 

2.4.4 Conclusion and discussion on particle size 

Particles of 1 to 1.5 fim are transported the deepest in the lung with the lowest loss 

in generations 1 to 17. The highest deposition occurs always toward the highest 
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Figure 2.8: Loss per generation for 2 ßm particles in a male at rest. Impaction 

is the main deposition mechanism for the higher generations, for the deeper ones 

diffusion becomes stronger due to the longer residence times. 

generations. Particles of 8 pm diameter have under most circumstances a 100% 

transport loss before generation 17. Finally, it can be seen that the loss in rea­

sonable as long as the particles stay below 5 to 6 ¡im. For medicine application, 

particles should not reach into the alveoli but get as close to them as possible [2.2], 

From fig. 2.11 the difference between 2 and 4 firn particles can be seen. The4/¿m 

deposit 100% before the alveoli but still deep into the lung. This together with the 

largest size that can be transported through the lung puts the size window at 4 to 

6 ßm diameter. 

Impaction did not play an important role in the deposition, contrary to what is 

expected from literature. This can be understood by the following. The models 

for diffusion and sedimentation are worst case models, due to the assumption of 

a flat particle distribution. They will thus give the maximum possible deposition 

value and in reality a lower deposition can be expected. The impaction model 

is a best case model; the flow stays laminar and only centrifugal force causes 
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Figure 2.9: Transpon loss in generations 1 to 17, for a femaîe at rest. 
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Figure 2.10: Transport loss in generations 1 to 17, for a female at exercise condi­

tions. 
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deposition. In reality all kinds of small turbulences can be expected, raising the 

deposition probability. Combining these two will overestimate the diffusion and 

sedimentation and underestimate the impaction. 

For an asthmatic's lung can be said that the transport loss is comparable with a 

Table 2.6: Optimal particle size to reach into the deep lung, for the typical breath­

ing patterns (table 2.2. The first line is under normal breathing conditions and the 

second under light exercise. * Our lung model did not work for the 5 year old due 

to problems with the scaling procedure. 

male 
male 

female 
female 

15y male 
15y male 

15y female 
15 y female 

1Oy 
1Oy 
5y 
5y 

height 
(cm) 
176 
176 
163 
163 
169 
169 
161 
161 
138 
138 
110 
110 

Optimal 
size 
2.0 
1.2 
1.8 
1.2 
1.8 
1.0 
1.8 
1.1 
1.4 
1.0 
* 
* 

Loss 
% 
13 
6 
12 
7 
12 
7 
11 
7 
10 
6 

Table 2.7: Transport loss in generations 1 to 17 with obstruction of airways as seen 

in an asthmatic (fìrst and second column); obstructions according to Kim [2.7J. 

Lung geometry and breathing pattern for a male at exercise were used. Optimal 

size is the size with the lowest loss. 

generation 

3 
3 

0-3 
4-7 
0-7 

obstruction 
in gen. (%) 

25 
40 
25 
25 
25 

optimal 
size (ßm) 

1.2 
1.1 
1.2 
1.1 
0.7 

loss 
% 
7 
7 
7 
7 
4 
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Figure 2.11: Deposition per generation for 2 and 4 firn diameter particles. The 

4 (im particles do not reach ail the way into the alveoli and are therefor better 

suited for IDT then the smaller ones. 

healthy one. The transport loss is higher for the slightly larger particles of 6 /¿m. A 

low inhalation flow seems to be favourable to minimize the loss due to impaction 

in the obstructed region. 

2.5 Medicine Dose and Properties 

Depending on the type of medicine certain area's of the lung should be targeted 

for deposition [2.2]. The discussion so far focussed on the distal airways and the 

alveoli. For asthma medicine, that interact with the muscle tissue inside the lung, 

the alveoli should be avoided. From the previous results it can be clearly seen that 

to target higher in the lung the droplets should be bigger then the ones with the 

lowest transport loss. With rising particle size also the mouth and trachea deposi­

tion will rise, which is an unwanted effect. More experimental data is necessary to 

conclude if this is a major problem. 

From Fig. 2.11 it can be deduced that the 2fim particles have a loss of 13% 
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up to generation 17 and the 4(im a loss of 30%. The loss of 4fxm is considerable 

but still better then the traditional inhalers. It is necessary to work at this higher 

diameter to prevent particles from depositing in the alveoli. 

The demands set out by the Food and Drug Administration (FDA) for IDT 

devices are published in the guidance documents for industry [2.24], Here it is 

written mat the ejected volume of 10 doses out of 10 must be within ±25 % of the 

label claim. Further, 9 out of those ten doses must be within ±20% of the label 

claim. They do not set demands for the actual dose because this is medicine and 

treatment dependent. A typical dose from a spray can type device is 15 to 20 ¡il 

which is ejected in about 1 to 1.5 s. This means that we have to construct a device 

that vaporises 10 to 15 ¡iL of medicine per s. 

The medicine itself is usually a mixture with or suspension in, water or ethanol. 

For the research only the carrier liquid will be used, first of all for safety reasons. 

Water also has rather ideal properties for use in drop on demand devices. Only 

a limited number of parameters change with a different liquid, once the device is 

fully characterised and optimised for one particular liquid. 

2.6 Conclusion and discussion 

The lowest particle loss and thus the deepest penetration was seen for particles 

between 1 and 1.5 ßm diameter. For targeting the deep lung, but avoiding the 

alveoli the ideal size range was found to be 4 to 5 ¡im. Most important to note 

is that for all age groups a lower deposition was calculated under light exercise 

conditions. The ideal particle size was also smaller for this situation. The ideal 

droplet size with respect to the manufacturing is always the largest possible for 

several reasons: 

- The smaller the droplets the more they will deposit in the alveoli, something 

we want to prevent. Slightly bigger droplets will guarantee deposition in the 

distal airways, towards but not in, the alveoli. 

- Diffusion becomes more and more important as deposition mechanism for 

smaller particles. To arrive at complete deposition of the particles breath-
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holding will be necessary. 

- The volume per droplet is eight times higher if we can double the diameter. 

This means that we need a lower frequency and lower number of nozzles to 

arrive at the same total flow. 

- The deposition changes only slowly around the optimum so moving away from 

the optimum will only marginally influence the transport loss. 

- Power consumption will be lower when generating bigger droplets due to lower 

total surface build up and lower flow resistance in the nozzle (see chapter 3). 

For particles larger then the optimum size the main deposition mechanism is sedi­

mentation. For higher flows the impaction will have the same order of deposition 

loss. For these particles the main deposition can be observed in the last few gener­

ations before the respiratory zone. For the obstructed lung only a slight change in 

optimal particle size was seen but the influence of impaction became more impor­

tant. 

The influence on the ejection time was not considered yet; the total deposition 

was calculated over the whole inhalation period. 

The classical spray-can has quite a large portion of its total output volume in 

the range above 6 ßm, which will be largely lost during transport. 

The ex tra-thoracic losses were neglected so far. From literature it can be seen 

that most loss in this area is due to ballistic deposition and not so much for the other 

mechanisms used in the lung model. A properly designed inhaler will prevent this 

ballistic losses by ejecting droplets with a very low speed so that they immediately 

are taken into the air stream. Considering that the airstream at the mouth is 1 to 2 

m/s, this means that the droplets should be ejected with a lower speed. 

2.7 Further work 

There are still a number of unknown factors that are not in the current lung model. 

For instance the hygroscopic growth of the droplets or the evaporation of the car­

rier liquid, which will make the droplet grow or shrink. Also the extra-thoracic 
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losses were neglected. The final optimum size for the 'smart-inhaler' will have 

to be found by clinical trials. Finally with a properly designed device it will be 

rather simple to changing the average size of the droplets in the generated aerosol 

by changing the production parameters of the device. For the remainder of the 

research the goal will be set to arrive at 4 to 5 firn diameter with a low dispersion, 

which will be a good starting point for further fine tuning. 
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Chapter 3 

Design of the vaporiser 

Abstract 

This chapter describes the design process of the vaporiser. A survey of possible 

designs was made and a preferable design was chosen. First results showed that 

it is possible to build a droplet generator which works with drop on demand in 

the right size range and has sufficient throughput. DRIE was chosen to etch the 

nozzles through a thin membrane. Making the actual nozzle as short as possible 

minimizes the fluid resistance and thus the power consumption of the device. A 10 

x 10 mm2 device is fabricated and tested. 

3.1 Introduction 

It was already seen that the droplets in the aerosol should fall within a very narrow 

size range to be able to target the deep lung. It was also seen that an active va­

poriser element is preferable to be able to use breath control. Current aerosol gen­

erators perform poorly in that sense, they produce a broad size range of droplets 

and they are manually activated. This chapter will go through the possibilities of 

constructing an aerosol generator that performs better then the current pressurised 

canister devices, using micro-fabrication techniques. The possible techniques will 

ultimately have to be judged on applicability with respect to the next demands: 

- Controllable and mono dispersive aerosol generation. 

37 
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- Sufficient throughput. 

- Start/stop characteristics. 

- Power consumption. 

- Batch processable. 

- Low cost of production. 

The first three of these demands were already mentioned in the introduction and 

chapter 2. The last two are added here because they are pure fabrication demands. 

The cost aspect is of course important for future commercialisation but is not of 

major importance in this early stages. 

The first choice for the inhaler system is the aerosol generation method, which 

will put out the major components of the system. Current devices for uniform 

(mono-dispersive) droplet generation can be found in ink-jet printers. Their droplet 

size is somewhat larger then our target range of 4 to 5 firn; the lowest size reported 

is 30 fim [3.1]. The uniformity though is usually very good and of the order of 

several micron bandwidth [3.2]. 

To arrive at sufficient throughput in the right size range many droplets need to 

be generated, c.f. table 3.1. Table 3.2 gives the number of nozzles and frequency 

for 5 (im droplets to arrive at sufficient flow. Consequently, the maximum ejection 

frequency of several kHz for normal ink-jet devices is too low for our application. 

For an ink-jet printer it is also important to be able to address every nozzle sepa­

rately. This means that each nozzle has its own actuator. For our application this 

is not necessary and it would complicate the system unacceptable This means 

that the same basic techniques can be used but that the droplet generator will be a 

completely new device. 

A survey was made, taking existing ink-jet systems as starting point. Two other 

aerosol generation techniques using micro-technology will also be investigated. 

Their merits will be summarised in the next paragraphs and their applicability for 

an aerosol generator will be investigated. 
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3.2 Aerosol generation methods 

There are different ways of generating an aerosol using an active element. Four 

different techniques will be introduced in the next paragraphs: surface waves, 

jet-breakup, drop on demand and electro-spray. Surface waves will generate an 

aerosol with a distribution of sizes more or less comparable to the spray-can de­

vices. The next two, jet-breakup and drop on demand, generate a mono-dispersive 

aerosol. As last electro-spray is mentioned to complete the list, it is suitable for 

both poly- and mono-dispersive aerosol generation 

3.2.1 Surface waves 

Surface or capillary wave device were reported for possible application in drug 

delivery but also for perfume dispensing. Kurosawa et.aJ. [3.3, 3.4] reported on 

devices made with micro-technology. During operation a thin sheet of liquid is 

Table 3.1: Droplet diameter and volume. The last column gives the number of 

droplets necessary to arrive at 20 ßl. 

diameter 

100 
50 
10 
5 
2 
1 

volume 
/iL 

0.00052 
6.54E-05 
5.23E-07 
6.54E-08 
4.18E-09 
5.23E-10 

total 
number 

3.82E+04 
3.06E-fO5 
3.82E+07 
3.06E+08 
4.78E+09 
3.82E+10 

Table 3.2: Number of nozzles and frequency to arrive at 20 ¡il/s 

Droplet volume 
fL 
65 

(=5¿tm diam.) 

Frequency 
kHz 

1 
10 

100 
200 

Number of nozzles 

C) 
310 • 103 

31 • 103 

3100 
1550 
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Needle Imml 

Figure 3.1: Typical surface acoustic wave device [3.4]. Dimensions in mm. 

flown over an ultrasonicaHy vibrating surface which causes capillary waves. These 

waves can pinch off and so form a mist of small droplets. Instead of a vibrating 

bottom also a lambda wave can be used (see fig 3.1). The basic result stays the 

same. 

The dispersion of droplet size is large, as can be seen from fig. 3.2. The peak 

lies around 3 ¡im but larger droplets make op a large portion of the total volume. 

For comparison, one droplet of 10^m diameter hold the equivalent volume of eight 

5 firn diameter droplets. 

The device is rather simple in construction and very rugged. It has also the 

possibility to be easily mass produced. The devices reported in literature that used 

this principle had a rather high power consumption; for 20 ßL f8, more than 2W 

were needed. Hence this device is not ideal for our application, and will not be 

further pursued. 

3.2.2 Jet-breakup 

A pressurised fluid reservoir that is connected with a nozzle will issue a liquid 

jet. After a certain distance this jet will break-up into individual droplets due the 
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120 

0 3 10 15 20 25 30 
Diameter \jim] 

Figure 3.2: Distribution of particle size as measured from a surface wave device. 

A major part of the total volume sits in the bigger particles. [3.4] 

Rayleigh instability [3.5]. This process is comparable with what can be observed 

with a slow running tap. Small perturbations on the diameter of the jet are instable 

and will grow in time, finally causing the breakup. If the perturbations are made 

by modulating the pressure behind the nozzle in a regular manner so will the jet 

break up in a regular manner. A very low modulation amplitude is sufficient, so 

apart from a supply pressure there is very little energy demand in such a system. 

A schematic drawing of a jet break-up system is shown in fig. 3.3. 

The size of the generated droplets can be easily influenced by changing the 

modulation frequency. The higher the frequency (/) the shorter the pieces in which 

the jet breaks up and so the smaller the droplet volume. Hence the droplet volume 

is inversely proportional to the actuation frequency: 

VdTOp = J-Q (3.1) 
!actuation 

Q, the total flow out of the nozzle, is fixed by the supply pressure and the flow re­

sistance of the nozzle. There is a lower and upper limit to the actuation frequency. 

When the actuation frequency is too high the droplets are generated so close to 
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Perturbation 
Supply 
pressure 

Figure 3.3: Schematic of a jet-breakup system. The supply pressure pushes the 

liquid as a jet out of the nozzle. Due to the regular perturbation the jet will break 

up in regular pieces. 
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0.E 

Figure3.4: The limits between which thejetbreaks-up in a regular fashion. When 

the actuation frequency is too low, chaotic breakup wili occur. For a too high 

frequency the droplets will not be able to separate. 

each other that they touch and again form a jet. When the actuation frequency gets 

too low, the chaotic break-up takes over again. Fig. 3.4 shows the experimentally 

determined frequency limits for different supply pressures for a lOfim nozzle. 

On a system level this devices is less favourable because it is not easy to start 

and stop the generator. It needs external valves to switch on the supply pressure. 

This complicates the system and introduces an extra component. Fig. 3.5 shows a 

system with all its external components. 

break up limits 

1.5 2 
pressure (bar) 

2.5 
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Control electronics 

Pressure generator 

Supply vessel Valve 

Figure 3.5: The jet-breakup inhaier with ali its external components 

3.2.3 Drop on demand 

Drop on demand (DOD) is widely used in ink jet printers. It needs apart from 

the droplet generator no further active components and usually gravity suffices 

to refill the fluid chamber after droplet ejection. The same actuator that is used 

to modulate the pressure in the jet-breakup system can be used but now working 

at a much higher amplitude. A pressure pulse travels through the fluid chamber 

towards the nozzle, causing liquid to be ejected. Of importance is the speed with 

which the pressure is raised. This to give the liquid sufficient kinetic energy to 

break through its surface tension. Fig. 3.6 shows a time loop of the ejection of 

the droplet. The main part of the droplet can be seen pulling through the surface 

tension until pinch off occurs and the actual droplet is formed. 

The droplet size is mainly depending on the size of the nozzle but also on the 

viscosity and the surface tension of the liquid. The exact dependencies are not yet 

investigated for the droplet size of interest. The drop on demand technique seems 
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UHlMiMSE 
Figure 3.6: Time loop of the ejection of a single droplet. The nozzle is situated on 

the bottom of the picture. [3.6] 

the most promising for aerosol applications; it needs no further components and it 

is easily controlled. 

The next paragraphs, 3.3 and 3.4, will go into the different implementations of 

a DOD system. 

3.2.4 Electro-spray 

Electro-spray is often used to define and introduce samples in a mass-spectrometry 

system. It was also the first system used for generating mono-dispersive droplets 

for medicine administration. P. Zanen [3.7] used such a system for his research 

into the ideal droplet size because of its narrow size distribution. It also has the 

possibility of adjusting the droplet size by changing the operation parameters. 

The actual system (see Fig. 3.7) consists of a small capillary that is placed 

over a surface. A high potential is applied and droplets get drawn electrostatically 

from the capillary [3.8, 3.9]. Depending on the feed parameters (i.e. the pressure 

in the feed channel to the capillary), the applied potential and the conductivity of 

the liquid a stable droplet generation can be achieved. The potential necessary is 

rather high (of the order of 10 to 20 kV) and less suitable for a portable device. 

A well designed device can have a very narrow size range of generated droplets. 

By changing the potential, different droplet generation regimes can be addressed; 

from regular droplets through to an irregular spray. 
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Z 

U 

V. 
Figure 3.7: Schematic drawing of on electro-spray system. Depending on the 

potential between the electrodes a regular or irregular stream of droplets can be 

generated 

Nozzk piale 

Figure 3.8: Drop on demand device with a nozzle made from a ruby disk. [3.6] 

3.3 Actuation methods for Drop on Demand 

Considering the drop on demand devices there are several different actuation meth­

ods possible, i.e. the pressure pulse can be generated in several ways. It can be 

done by creating a gas bubble inside the chamber, through boiling part of the liq­

uid [3.10, 3.I]. This method is mostly used in ink jet printers nowadays because 

it gives a very compact actuator design. This method is not of interest for our 
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Figure 3.9: Drop on demand device using a contracting piezo around a glass cap­

illary. On the end the capillary contracts to form the nozzle. From [3.2] 

device since most medicine degrade at such elevated temperatures. The actuation 

frequency is also limited to several kHz. 

The second method is by changing the geometry of the chamber in some way. 

Mechanically this can be done by contracting a piezo tube that is placed around the 

fluid chamber (see fig. 3.8 and 3.9) for round devices. For flat configurations it is 

possible to buckle a membrane ([3.11], fig. 3.10), or by electrostatically deflecting 

one side of the chamber [3.12] (see Fig. 3.11 ). An other method is by making one 

of the sides a bimorph which deflects under temperature or an electric field. In the 

last case one of the layers is a piezo material ([3.13], fig. 3.12). 
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nozzle plat 
nozzle 

diaphragm 

ink pass 

lectrode 

insulator 
heater 

Substrate «chinghole 

Figure 3.10: Drop on demand device actuated with a buckling membrane. Advan­

tage is the high energy available, but it is slow. [3.11] 

Electrode ' S1O2 ^ Pressure plate 

(b) 

Ink drop 

( c ) m 1¾ 
Figure 3.11: Electrostatically actuated device, with the droplet ejection cycle. The 

maximum droplet ejection frequency is 3OkHz. 
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Flow inlet 

Sibcoae tubiaj 

Figure 3.12: A piezo actuated drop on demand device in a fìat conñguration [3.13] 

From all these the piezo seems the most promising, there is no temperature 

effect in the liquid and piezo actuators can be actuated at a very high frequency. 

A system build with a piezo actuator will only be dependent on the mechanical 

properties (viscosity and mass) and not so much on the physio-chemical (boiling 

temperature etc.) of the fluid that is inside the chamber. 

3.4 The Nozzles for Drop on Demand 

The size of the droplets ejected is mainly depending on the size of the nozzles [3.2]. 

This means that they are of a main interest for the device design. The device from 

IBM uses a small ruby disk to define the nozzle, as shown in Fig. 3.8. Systems 

Research Laboratory demonstrated a device that used a glass capillary as nozzle 

which was further developed by Microdrop GmbH [3.14] (see also Fig. 3.9). None 

of the device has the potential to use more then one nozzle at the same time. 

When using microtechnology the device will be made in a planar configuration. 

For a vaporiser the layout has to be such that many nozzles can be accommodated. 

Nozzles can be made in a planar way by directly etching them in the face of a 

silicon wafer, hence this is called a face shooter design. The other option is to etch 

trenches and later assembling these into nozzles, this is called a side shooter (see 

Fig. 3.14). The side shooter is popular with the ink-jet industry because it is easy to 

make arrays of fluid chambers and nozzles where every fluid chamber gets its own 

actuator. Integration density is mostly limited by the size necessary for the fluid 
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front plate with nozzle 

Piezo actuator and membrane 

Figure 3.13: The basic face-shooter design. Nozzles are etched in one side of the 

device. The back side is later attached to the front side to form the fluid chamber. 

fluid chamber 

Figure 3.14: The basic side-shooter design. Nozzles are formed by etching 

trenches in one or two sides of the device. The two sides are later assembled 

to form the nozzles and the fluid chamber. 

chamber/actuator. The device published by W.G. Hawkins [3.15] has 192 parallel 

working nozzles with a pitch of 84 ^m (= 300dpi). The accuracy of the nozzles 

made in a side shooter is mostly depend on mask alignment and mask selectivity 

in die processing. Especially mask alignment can cause several /im deviation in 

the channel width and hence the nozzle size. The length of the channel is defined 

during dicing which again gives an uncertainty. The limited space available on me 

side of a device and the inaccuracy in me actual nozzle make a side shooter less 

favourable for our application. 

Wim KOH etching it is possible to define a small hole in a silicon wafer. Here 

use is made of the anisotropic etching of Si, some crystal planes hardly etch while 

other etch ramer fast. The nozzle will have a pyramid shape and a square opening. 
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Figure 3.15: Image of a KOH etched nozzle hole. 

Figure 3.16: The two modes of operation for a KOH etched nozzle made in our 

laboratory. Left the jet break-up mode and right the drop on demand mode. The 

nozzle size is 70 p.m. 

Fig. 3.15 shows a typical nozzle. Etching starts at the backside of the nozzle and 

terminates at the actual nozzle opening. Critical is here the alignment of the etch 

mask on the back side of the wafer with the crystal planes of the Si wafer. A 

misalignment of 0.5° already gives a 10 pm difference in size of the nozzle on the 

other side of the wafer. Advantage of this type of nozzle is the low flow resistance. 

The devices, made in our laboratory, with this type of nozzle functioned both 

in drop on demand as well as jet break-up mode (see fig. 3.16) With KOH type 

nozzle a maximum density of 300 nozzles per cm2 can be achieved. Comparing 

this with table 3.2 shows that we need a frequency of 40OkHz for a 1 cm2 device 

or otherwise a 4 cm2 device for 100kHz actuation. Both of these seem unrealistic 

so a different nozzle fabrication process has to be found. 

Instead of etching all the way through the wafer with the KOH etching, it is 

also possible to leave a thin membrane and to later etch small holes through these 
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Thin membrane with 
1) Nozzle etched with 

KOH from the front side. 
2) DRIE etched nozzle 

Figure 3.17: The production sequence for the nozzles etched through thin mem­

branes. The KOH etched ones are pyramid shaped and have thus a low now resis­

tance. The DRlE etched nozzles are straight and have a very well defìned size. 

membranes (see fig. 3.17). When again KOH etching is used to etch through 

the membranes from the other side the alignment problem will be less. However 

the membrane thickness now becomes the critical factor. The accuracy for the 

membrane thickness is given by the initial parallelism of the two wafer faces. 

Deep Reactive Ion etching (DRIE) makes it possible to etch nozzles with a 

vertical wall. The actual thickness of the membrane is no longer a problem, the 

nozzle size is fixed by the etch mask (see fig. 3.18). 

It is possible with either of the two methods to place more nozzles in one 

membrane. In this way the nozzles can be placed much closer to each other, and 

hence the density is much higher. We placed a maximum of 1800 nozzles on a 1 

cm2 device. 

Contrary to what is usually reported in literature, the limitation for droplet 

ejection seems to be the total flow resistance in the ejection nozzle in combination 

with the actuation amplitude and not so much the actual droplet size. By etching 

the nozzles in a thin membrane the flow resistance can be minimized. The flow 

resistance can be further minimized by making the nozzles slightly tapered. 

1) 
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Figure 3.18: The DRJE etched nozzles. Left: close-up of one nozzle, clearly the 

smooth, vertical wall can be seen. Right: Surface with several nozzles of different 

size, used for process characterisation. 

Figure 3.19: The 3 pm nozzle. An oxide rim was used to better control the droplet 

ejection. [3.16] 

Further development in our laboratories (3.16], showed that nozzles of 3 p.m. 

are possible (see fig. 3.19). 

3.5 Assembly techniques 

Both the side- and face-shooter design as presented (fig. 3.14) need three assembly 

steps. The device itself consists of two halves that need to be connected together 

and then there is the piezo actuator and the fluid connection (see fig. 3.20). Each 
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Figure 3.20: The assembly steps; 1) The two device halves are assembled together 

to form the fìuid-chamber. 2) The piezo-actuator and the electrical contacts. 3) The 

fiüid connection. 

of these steps has its own specific needs in rigidity and chemical resistance. 

3.5.1 The two device halves 

The rim between the two device halves not only closes the fluid chamber but also 

provides the mechanical coupling between the two sides. The connecting medium 

should be water resistant (or if an other carrier liquid is used against that liquid) 

and stiff enough to provide the mechanical coupling. The two device halves were 

mostly assembled using epoxy glue with a high resistance against water (EPO-

TEK OElOl). The procedure is simple and there is no special surface requirement. 

Due to its low viscosity the glue fills out all uneven parts that might exist between 

the two sides. The epoxy glue was cured for 30 min. at 9O0C in air. 

An other possibility for assembly of these two parts is by sputtering a layer of 

Pyrex on one of the sides and to use this layer for anodic bonding. Theoretically 

this type of bond is far more rigid and resistant then the glue bond. Anodic bond­

ing requires perfectly smooth surfaces and a conditioned working environment. 

The bonding was done at a temperature of 4000C at a potential of 40V. A higher 

potential caused sparks. With a better design that would prevent a small air-gap 

at the sides of the device this sparking can be prevented and bonding can be done 

close to the breakdown voltage of 120V. Bonding took 45min. 
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The anodic bond is much stiffer as the glue bond so it was expected that the 

overall quality factor (see also par. 4.2.1, page 63) of the resonances would im­

prove. Tests showed that the quality factor of the complete device did not improve. 

This is probably due to the epoxy layer between the piezo and the device and the 

quality factor of the piezo itself which make up the majority of the quality factor. 

Epoxy glue is the preferred way to assemble the device because of its simplicity in 

use. Also has the epoxy technique sufficient potential for mass production. 

3.5.2 The piezo actuator and the electrical connections 

Also the mounting of the piezo on the actuator membrane deserves special at­

tention. Conductive epoxy glue (EPO-TEK H20S) was used in most cases. The 

electrical connections were made with the same glue. 

When the backside of the membrane is metallized it is possible to use a non-

conductive glue. With a high actuation frequency the glue layer will then act as a 

capacitor. As long as the capacitance of the glue layer is lower as that of the piezo 

actuator the losses will be low. 

The main demand put out for the glue here is the electrical conductivity, and 

not so much the mechanical properties. The overall quality factor of the resonances 

should improve when a stiffer glue can be used. 

3.5.3 The fluid-connection 

The device needs some connection to a fluid reservoir. The simplest way is by 

providing a hole in the side of the device and gluing a syringe needle in this hole. 

The standard connection of the syringe needle can be used to connect up a host of 

equipment. 

The placing of the syringe needle proved to be a critical step in the assembly 

procedure. Easily glue was taken in the hole to block the entrance. An improved 

fluid connection was made from PEEK1 (see fig. 3.21). The assembly was easier 

1 Polyetheretherketone. 
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Figure 3.21: The two types of fluid connections. Left the syringe needle, right the 

PEEK connector. 

that way but the resonance behaviour of the device changed (see also the next 

chapters). 

3.5.4 Alternatives 

An interesting alternative to gluing of the device halves and also the mounting of 

the piezo, might be eutectic bonding. It is more critical to the surface conditions 

but less demanding as compared to anodic bonding. It is also much suffer then the 

epoxy glue and has a higher chemical resistance. Si forms with Au an eutect with 

a melting point of 363°C. Other eutects of interest include Au-Sn (eutectic point 

at 2800C) and Au-In (eutectic point at 224°C). 

3.6 Implementation 

The principle design for the vaporiser is that of the face shooter as presented in 

fig. 3.13 and 3.20. The actual device was assembled from two parts, each one sili­

con wafer thick (400 pm thick in this case). The device was for the first series 15 x 

15 mm2 and later this was changed to 10 x 10 mm2. The actuator membrane (the 

backside of the device) was etched 50pm thick at first, later this was changed to 

200pm. The thicker membrane showed better characteristics for drop on demand 

(as will be explained in chapter 5). The nozzles were etched with DRIE through 
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Figure 3.22: The device during operation. The fluid connection is on the top side 

in this configuration. 

membranes of 10 to 20 ^m thick. A timed etch-stop was used for both membrane 

thicknesses. The curvature of the original wafer cause some spread in the actual 

thickness of the nozzle membranes. The device can be seen during operation in 

fig. 3.22. 

During the first phase of the development the main interest was to raise the 

number of nozzle on one device to see if sufficient throughput was possible. The 

first generation of devices had one nozzle etched by KOH. The second generation 

had one or several nozzles etched with the DRIE process (see fig. 3.23). The 

smallest nozzle then was 10/mi. Then in a number of parallel series, devices were 

fabricated with 60,600, 1300 and 1800 nozzles. To arrive at such a high number of 

nozzles it is necessary to place more then one nozzle in each membrane, as shown 

in fig. 3.24. Through all these series the basic layout did not change. 

In chapter 5 the optimisation of the basic design will be discussed. Here the 

layout will change to arrive at optimum device characteristics. 
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Figure 3.23: Four nozzles of lOfim etched in one membrane. 

Figure 3.24: Many nozzles etched in one membrane. Also visible the extra cham­

ber as it is necessary for the designs of chapter 5 and 6 

3.7 Conclusion and Discussion 

Many droplet ejection devices exist, but only a limited number have the potential of 

being used for IDT. Fig. 3.25 summarises the design choices made in this chapter. 

The basic layout and technologies are known now. The dynamic behaviour of 

the assembled device is the main interest of the next chapters. Once the dynamic 

behaviour is understood mass production can be investigated. 
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Figure 3.25: The different possibilities to build a drop on demand device. The 

choices for the vaporiser to be used in the 'smart inhaler' are boxed. 

First tests showed that the chosen layout and technique have sufficient poten­

tial to comply with the demands set-out in the previous chapters. So far no fun­

damental limits were found for the droplet size, smaller nozzles produced smaller 

droplets. The first devices showed problems with leakage from nozzles that do not 

receive sufficient amplitude to eject droplets. 

The high actuation frequency makes that the device no longer resonates in its 

first or fundamental mode but in one of its higher order modes. This means that 

certain parts of the surface move in anti-phase with oüier parts. But also nodal 

lines, i.e. lines that do not move at all, can be found. This complicates the layout 

possibilities. Chapters 4 and 5 will go into the analysis of these phenomena. 
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Chapter 4 

Characterisation 

Abstract 

Two main characterisation interests can be distinguished; the vibration char­

acteristics of the device and the ejected droplets. As analysis techniques for the 

vibration characteristics, impedance measurement and interferometry were used. 

It was found that operation is resonance dependent and that complicated mode 

patterns exist at these frequencies. For the characterisation of the droplets a stro­

boscope and high speed video camera were used. The size of the droplets was mea­

sured using Laser Doppler Anemometry. The measured size distribution showed 

that also for small nozzles the droplets are of the same size as the nozzle and that 

the achieved size of the droplets lies within the target range of 4 to 5 p.m. The flow 

through the device was measured by measuring the weight loss of the device. 

4.1 Introduction 

In the characterisation two main goals can be distinguished. First: The character­

isation of the device itself through impedance measurements and interferometry; 

Trying to understand its operational parameters. Second: Characterisation of the 

aerosol generated through high speed video and laser doppler anemometry, and 

checking this with the demands set out in the previous chapters (Chapter 2). In 

this the diameter and total throughput of droplets is measured. 

61 
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Several techniques are necessary to come to a full characterisation of the de­

vice. These techniques will be introduced in this chapter. 

Part of the characterisation runs in parallel with the modelling and optimisa­

tion; measurements were necessary to validate the model. On the other hand were 

measurements necessary to confirm the insight in the mode of operation of the 

device. 

4.2 Measuring device behaviour 

The drop on demand device as proposed at the end of chapter 3 operates at a 

frequency far beyond its first resonance frequency. This means the front and back 

side no longer vibrate in a regular fashion but patterns exist where different parts 

of the device move with a different phase and amplitude. The complexity depends 

on the actuation frequency; the higher the actuation frequency the more complex 

the pattern or modeshape. Knowledge of the modeshape can help place the nozzles 

in such a way that they all eject droplets. Nozzles that are not properly placed can 

start leaking and cause large droplets on the front plate that can impair functioning 

of the device. 

The ejection of droplets depends on the combination of die movement of the 

front and back side. Picking out the right higher order resonances for operation 

guarantees a maximum amplitude and a predictable vibration behaviour. The elec­

trical impedance can be measured on the connections of the piezo actuator, this 

gives information about the frequencies of the different resonances. Using optical 

methods the actual vibration of the frontside with the nozzles of the device can be 

visualised. 

4.2.1 Impedance/phase measurement 

Measuring the electrical impedance of the device gives information about the res­

onance behaviour of the device. The electrical impedance is normally measured in 
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the ohmic resistance and the phase. These are defined as; 

Impedance = -777-
I7I (4.1) 

Phase = arccos(i/ • I) 

These values are measured as function of the actuation frequency in the form of an 

impedance curve. The curve shows a minimum in the impedance and a bending 

point in the phase where there is a resonance . 

Apart from predicting where a device has its resonances and where it might 

function, it also gives information about the stability of its functioning and the 

power consumption. Important to notice is that this measurement does not tell us 

in which exact mode a device resonates, i.e. the pattern of vibration is not shown. 

So is it very well possible that a certain peak does not correspond to a vaporising 

mode. 

Experimental 

For impedance/phase measurement an HP 4194A was used. Measurement data 

was transferred to a PC though HP-IB and treated with Excel. In a characteristic 

chart both the resistance and phase are plotted against the frequency. 

Results 

The piezo acts as a capacity, thus the basic impedance falls off with 1 / / and the 

phase is fixed at -90°. All mechanical vibration behaviour shows up as a super­

position on this basic curve. Fig. 4.1 is the impedance curve of a typical device 

around its first resonance frequency. The phase in not completely at -90°, due 

to some series resistance in the piezo itself and between the electrical connection 

of the piezo. This curve shows two resonances and two anti-resonances. At an 

anti-resonance there is no movement at all and the impedance has a (local-) max­

imum. Apart from the frequency of a certain resonance also the quality factor of 

that resonance can be seen. The quality factor is the ratio between the width of the 
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Figure 4.1: Impedance/phase diagram of a typical device. The region where the 

first resonances appear is shown. 

resonance peak halfway down from the top (full width at half maximum) and the 

resonance frequency. 

The quality factor gives information about the power consumption of the de­

vice when it is in resonance. The higher the quality factor the less energy its needs 

to sustain its amplitude. An important concept is connected with the quality factor; 

mode-mixing. One resonance peak that appears close to an other can 'leak' energy 

to the other resonance. The resulting mechanical movement is a combination of 

the two separate modes. This concept will be further explained in the theory part 

of chapter 5. The higher the quality factor the less problems with mode-mixing 

occur. 

The basic 10x10 mm2 device has a first resonance around 30kHz, for smaller 

nozzles this frequency is riot of interest, due to the low throughput. The most 

interesting area lies in die 200 to 300kHz range. 

Fig. 4.2 shows a larger portion of the spectrum of a device of a later generation 

then fig. 4.1. Again isolated resonances can be seen, for instance in the 100 to 

Impedance end phase of a typical sample 
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Impedance of a typical device 

45OT r ° 

Figure 4.2: Typical impedance/phase diagram. 

20OkHz range. A second region, between 230 and 29OkHz, can be identified where 

there are many peaks appearing together. In this area the quality factor was too low 

to keep the peaks separated from each other. For this device several frequencies 

where droplet ejection is possible appear in this 230 to 29OkHz window. It is very 

difficult to distinguish which exact peak correspond to the resonance that causes 

droplets to be ejected. 

Using a 'noisy' actuation signal in an area with many peaks will activate a 

number of modes and consequently give an apparent stable ejection pattern (this 

effect is connected with the explanation of the forced vibrations in par 5.2.1). This 

behaviour was observed when using an actuation signal with considerable noise 

(estimated from the oscilloscope measurement a bandwidth of some 10kHz). Dis­

advantage of this mode of operation is that the behaviour is as unpredictable as the 

noise in the generator, not all nozzle are functioning all the time and so it becomes 

difficult to predict the flow. Also the nozzles that are, temporarily, non-ejecting 

can start leaking. 

The measurements shown in fig's 4.1 and 4.2 were done on an empty devices, 

i.e. there was no water in the fluid chamber. The water in the chamber could 
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Figure 4.3: Typical measurement result, for a empty (dry) and Glied (wet) device. 

influence the vibration behaviour; there would be an extra coupling between the 

back and front side and there is extra mass in the system. This problem is also 

of importance for the modelling. When there is little difference between the filled 

and empty device a model of only the mechanical part will be sufficient and a large 

amount of calculation time can be saved. 

The impedance measurement was the only way to confirm that there is little 

difference between a device that is filled with water and one that is empty. The only 

influence that could be observed in the impedance curves is that the resonances 

move in frequency when the device is filled (cf. Fig. 4.3 and 4.4). During the 

filling of the device the different peaks could be seen moving from the dry to the 

wet position. Some resonance peaks got weaker due to some damping, others got 

stronger. Most important, non of the peaks crossed with an other, which means 

the oscillation behaviour did not change fundamentally. This means that there is 

so little influence from the liquid in the device that it is valid to do measurements 

and simulations on empty devices and so do predictions for the behaviour of filled 

devices. 

Several different fluid connections were used. Some devices functioned better 

with one type of connector then witfi others. The influence of different types and 
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Figure 4.4: Typical measurement result in the high frequency range, for an empty 

(dry) and fílled (wet) device. Some modes almost disappeared others moved 

slightly in frequency. 

places of the fluid connection on the resonance peaks could clearly be seen (see 

fig 4.5). This is connected with the different movement of the sides with the dif­

ferent modes. This means that there is an influence from the fluid connection and 

that special care should be taken when trying to model this behaviour. 

4.2.2 Interferometer 

Not all resonances correspond to frequencies where the device ejects an aerosol 

and not all frequencies work equally well. This can be explained with the different 

modeshapes and differences between the movement of the front and backside. To 

gain insight in this problem, observations of the actual modeshape are necessary. 

To observe the movement of the front surface of the device a interferometer in 

combination with a high speed video camera was used. This set-up gives direct 

information about the actual shape of the resonance mode and about the stability 

of these modes. The mixing of neighbouring modes can also be observed. 
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Figure 4.5: The influence of the fìuid connection on the different resonances. The 

needle connection was measured on a different sample, which explains the off-set. 

Only the phase curve is shown for clarity, off course the impedance curve changed 

as well. 

Experimental 

The set-up is a basic Michealson interferometer [4.1] (see Fig.4.6) with the frontside 

(with the nozzles) of the device as measurement mirror in one leg and the high 

speed camera at the receiving end. The source consists of a HeNe-laser (A = 

632.8 nm) and a beam broadening set of optics. The beam broadener consists of 

a 4Ox microscope objective, a pinhole of 10/im diameter and a lens with 80mm 

focal length. First the laser beam is focused on the pinhole. This forms a high lu­

minescent point source. Placing this in die focal point of the lens forms a uniform 

and parallel beam. 

The beam is split up in two coherent beams by the beam splitter. One part 

reflects of the front surface of the device and the other of a reference mirror. The 

reference mirror is of the same material as the device to get an equal reflectivity 

and so equal intensity. 
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Figure 4.6: Layout of the interferometer set-up 

On the CCD the two parts of the beam meet again. If the distance travelled 

by the two parts is such that the light waves are in phase, they will produce a 

light spot. If they are in opposite phase they will extinct and form a dark spot. 

Opposite phase corresponds to a A/4 length difference between the two legs of the 

interferometer. 

Using an exposure time that is longer then the actuation period of the piezo 

shows the moving parts as gray area's. The front surface will move and so the 

length difference between the two legs changes, resulting in a series of light and 

dark spots. The nodal lines of the mode pattern do not move and show the basic 

interference pattern. 

It was not possible to observe the front surface with the nozzles while the 

device generated an aerosol because the aerosol obstructed the optical path. 

The backside of the piezo on device was not accessible for measurement either. 

The nickel surface of the was too diffuse. Any action to improve the reflectivity 

would change the mechanical properties and thus the device's behaviour. 
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Results 

The combination of interferometer and impedance measurement gave information 

about the movement of the device during actuation. Fig. 4.71 shows the combi­

nation of a number of interferogrammes and a phase curve. The three resonances 

shown clearly correspond with the bending points in the phase and thus the minima 

in the impedance. 

It is not straightforward to measure the amplitude of the vibration. In theory 

is the movement of one interference fringe (one light-dark-light series as seen by 

a pixel on the screen) is equal to A/4 movement of the measurement mirror in 

the beam direction. The stability of the set-up did not allow for such detailed 

observation. 

Still it is possible to give an indication of the amplitude. This can be done 

by realising that when the amplitude is exactly A/4 the rings smear equally gray. 

That means that a point in the image sees a equal amount of dark and light. If the 

amplitude gets higher some area's are longer in the dark then others. Looking for 

these points in the pictures tells something about the amplitude (see also fig. 4.8). 

Figure 4.9: Interferogrammes of a device vibrating at I ¡5.6kHz, taken with dif­

ferent amplitudes. The image is taken over the full front surface (WxIOmm2) 

1 Again from this phase curve is clearly visible the shift between the empty device (WET) and the 

filled device (DRY). The change in quality factor between the empty and filled device makes some 

peaks almost disappear. 



4.2. Measuring device behaviour 

1.26V 

1.44V 

1.96V 

Wi 
1 

2.22V 



72 CHAPTER 4. CHARACTERISATION 

Fig. 4.9 shows a series of interferogrammes with increasing actuation ampli­

tude. The first one taken at 0.65V amplitude shows gray area's where there is 

movement, and the area's where the original interference pattern still exists (the 

nodal lines). This particular mode is the (2,1 ) mode, where two area's are moving. 

It can be seen that with growing amplitude the moving part gets larger. The last 

in the series (at 2.22V) shows in the top halves two bands parallel to the extreme 

of the moving area where the basic interference pattern seems to appear again. At 

these places the amplitude is such that one interference fringe moves exactly halve 

a fringe. During the exposure time the area between two original fringes is now 

longer in the dark and thus a dark band appears. The maximum amplitude of this 

part of the device can now be deduced. The amplitude is between J A and |A. 

With the wavelength of the HeNe laser this gives an amplitude of 150 to 200nm 

for this actuation amplitude. 

4.3 Measuring Droplets 

The size of the ejected droplets not only depends on the size of the nozzle but 

also partly on the actuation amplitude and frequency [4.2]. To investigate this it 

is necessary to observe the droplets during and after ejection. When the ejection 

is very regular a stroboscope can be used. The set-up consists of a standard video 

camera and an LED (HP, HLMP3750) in contrast mode, as light source. With a 

standard 30fps camera images are taken every 33ms. For an actuation frequency 

of 100 kHz this means that an image is built up of 3300 overlying exposures. The 

actual image is now the envelop of all separate actuations. For ejection regimes 

that are less regular it becomes necessary to look at individual actuations. This 

is possible using a high-speed video camera (Sensicam with an Intravision long 

distance microscope, from PCO: www.pco.de). 

With many nozzles in parallel it gets more difficult to look at individual droplets. 

Also a more representative measurement is necessary. Laser Doppler Anemome-

try (LDA) measures many droplets and thus give the statistical distribution of the 

http://www.pco.de
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Figure 4.7: Comparison of the interferometer output and phase curve. The ¡eft 

interferogramme is added from a different measurement but shows a basic inter­

ference pattern when diere is no actuator signal. The rings will smear out under 

die movement of die front plate. 

droplet sizes [4.3,4.4]. An LDA system consists of two coherent laser beams that 

cross under a sharp angle, at the measurement point. The measurement signal is 

the frequency shift between the reflected beam and the original beam (Doppler 

effect). By using two detectors under different angles and measuring the phase be­

tween the two measured signals, the size of the observed droplet can be deduced. 
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UAX 3/4X 

Figure 4.8: Measuring the amplitude with the interferometer. At the ¡eft side of the 

picture there is no movement and the interference fringes are sharp. With rising 

amplitude the rings smear out until they touch (\X). At even higher amplitude 

there are area's that see more dark then light and appear again as fringes. 
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Figure 4.10: 10 pm nozzle shooting 65 pm droplets, actuation frequency is 

45kHz. Due to the stroboscopie effect, the picture consists of 1500 overlying 

exposures. 

4.3.1 Stroboscope 

The first devices that were made in our laboratory had square nozzles of 70pm. 

To analyse the ejection behaviour of these devices we used a stroboscope. The 

set-up consisted of a simple video camera and an LED (HP, HLMP3750) as light 

source. With a standard 30fps CCD camera images are taken every 33ms. For an 

actuation frequency of 10OkHz this means that an image is build up of 3300 over­

lying exposures. The droplet ejection could be followed in detail by using a strobe 

frequency that was slightly different from the actuation frequency. The speed of 

the droplets could be deduced from the distance between them multiplied by the 

actuation frequency, provided that only one droplet was ejected per actuation. The 

smearing on the right is due to the noise in the synchronisation of the stroboscope 

and the droplet ejection. The finite flash length shows up as an extra smearing 

in the movement direction of the droplet. Shorter light pulses would have been 

possible with a gas discharge lamp. 

From the bigger nozzles (20 pm and up) the observed droplets are ejected in 

a very regular manner. It is possible to us as stroboscope to observe and measure 

the droplets. Fig. 4.10 shows a typical result, here a 70 pm nozzle is working in 

the drop on demand mode at 45 kHz. The droplets have a diameter of 65 p.m.. The 

speed of the droplets can be deduced from the distance between them multiplied 

by the actuation frequency, provided that only one droplets gets ejected with every 



76 CHAPTER 4. CHARACTERISATION 

actuation. The speed in Fig. 4.10 is 14 m/s. At higher frequencies and with smaller 

droplets a stroboscope is less suitable as the droplets start behaving too much in 

a random manner. Droplets down to 10/xm and actuation frequencies of 12OkHz 

were the limits of the stroboscopie system. The measurement accuracy for droplet 

diameters is ± 4/im. Distances between droplets could be measured with ± 10/im 

accuracy. 

4.3.2 High-speed Video 

With the high-speed camera it is possible to observe single droplets. The problem 

here is to have enough light to get a well-exposed picture. The best results were 

obtained in contrast mode, where a high power halogen lamp was placed directly 

opposite the camera. Figs. 4.11, 4.12 and 4.13 show the droplets ejected from a 

20fj,m nozzle with rising actuation amplitude. The actuation pulse causes liquid to 

be pushed out of the nozzle. The surface tension of the liquid tries to minimize the 

surface of the liquid outside the nozzle and so causes a restoring force pushing the 

liquid back in. In a dynamic situation, the kinetic energy of the liquid outside the 

nozzle causes the droplet to deform length wise. When the kinetic energy is high 

enough the liquid can break through the surface tension and so form a free droplet. 

At the lower amplitude limit droplets will from in a regular manner (Fig. 4.11). 

The higher the amplitude, the more the droplet will deform before break off. At a 

certain amplitude the Hail' of the droplet can break off the main droplet and form 

a so called satellite (fig. 4.12). At even higher amplitudes, the kinetic energy gets 

so high that the surface tension is no longer able the hold the droplet together. In 

this case the ejected droplet will break up in several smaller droplets (Fig. 4.13). 

These regimes cause characteristic size distributions. The regular regime will 

only generate droplets of one size. At higher amplitude the generated satellites are 

of a smaller size and so cause a spread in size. The chaotic regime gives a lower 

average droplet size as compared to the others but also less control of the actual 

droplet size. For inhalation applications the first, regular, regime is preferable. 

The optics limit the measurement accuracy to ±l/zm. The shutter time of the 

camera was typically 2ßs. With this there were less problems with smearing of 
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Figure 4.11: High-speed video image of regular droplet ejection. 

Figure 4.12: High-speed video image of satellites, due to a too high actuation 

amplitude. 

Figure 4.13: Chaotic droplet ejection. The nozzle is situated on the left and ejects 

an elongated droplet that beaks up in several smaller droplets later on. The scale 

is half that of the other two pictures 

the image in the movement direction. 

Droplets from closely spaced nozzles were observed to merge with one an­

other after they were ejected. Fig. 4.14 shows a quasi time loop of this behaviour. 

Droplets on the left were ejected more recently than the ones more to the right. 

From this kind of observation it was concluded that a minimum spacing of 25p.m 

was required for optimal droplet generation. These measurements were performed 
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Figure 4.14: Merging droplets of 10p.m. The nozzles are located on the /eft. 

on a standard device before the optimisation (chapter 5) and are therefor done for 

only one frequency and the maximum amplitude of the oscillator (10VpP). It will 

be interesting to re-do this measurement with the optimised device so that there 

is a clear relation between the actuation amplitude and the pressure pulse at the 

nozzle. 

4 3.3 Laser-Doppler anemometry 

The next devices that were developed contained several 100 even smaller nozzles 

in parallel, making it very difficult to observe single jets. The method to mea­

sure the droplet size in this case is LDA. With LDA the size of a large number of 

droplets can be measured in a short time period, but no direct information about 

satellites or chaotic break-up is available. It is therefor harder to interpret the mea­

surement results. Fig. 4.15 shows a typical size distribution for a device working 

at a frequency between 250 and 30OkHz, having 600 5pm diameter nozzles. Ac­

tuation was done with a 2GVPP signal. There are two ways to calculate the average 

'size' of the droplets. The first accounts only the diameter and is therefor the size 

average. The second calculates the diameter of the average mass of the particles 

and is therefore the mass-average diameter. For this measurement the size aver­

age diameter is 4.5pm and the mass-average diameter is 5.0pm, which lies in the 

desired size-range for administration of medicine. The measured speed is about 

1 ro/«» which is perfect for medicine delivery (the flow speed for inhalation is 

around 2 m / g ) . The LDA system has a measurement accuracy of ±20nm for the 
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Figure 4.15: The laser doppler measurement of a device with 5 ¡im diameter 

nozzles, working at a frequency of 25OkHz. Left the size of the droplets, right the 

speed of the same droplets. The diameter-average size is 4.7 jxm and the mass-

average size, 5.0 pm. 

diameter, assumed that the droplets are round. 

The distribution in size can be caused by a combination of the effects shown 

before, for the bigger nozzles (fig's 4.11-4.13). This because not every nozzle sees 

the same actuation amplitude; the ones closer to the antinodes of the resonance 

modes see a higher amplitude then the ones closer to a nodal line. 

4.4 Flow measurement 

An important characteristic of the device is the total flow of medicine and the flow 

stability; patients need to get the same medicine dose every shot. To measure flow 

directly one can use a flow sensor in the supply line of the vaporiser or a more 

indirect method can be used by weighing the device before and after a shot. 

Most direct flow-sensors use a pressure drop to measure the flow. This pressure 

drop influences the functioning of the device. Furthermore is the pressure drop a 

function of the flow so the system gets very dynamic and very complicated. The 

flow sensor measurements were used for indicative purposes only. 

4.4.1 Weight measurement 

More accurate then the flow sensor, and less disturbing for the system is weight 

loss measurement. Here the supply beaker is placed on a balance, and one can 
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Scale supply beaker 

Vaporiser 

Height = Supply pressure 

Figure 4.16: The weight measurement set-up. The supply pressure is given by the 

hight difference between the supply beaker and the vaporiser. 

measure the flow by looking at the weight loss of the beaker after a certain time. 

The experimental setup is shown in fig. 4.16. The scale measures with O.lpg 

accuracy which means the total flow can be measured up to O.lfiL accuracy. The 

actuation was done in a shot to shot fashion, i.e. the vaporiser was actuated for a 

certain period and then the total flow out of the device was measured. The time 

period was defined using a second function generator, with an uncertainty in time 

definition far superior to that of the weight measurement. 

The effective number of nozzles working can be calculated from the actuation 

frequency and the volume of a single droplet. 

A typical flow measurement compared with the phase angle from the impe­

dance measurement can be seen in fig. 4.17. There is a considerable spread in the 

data points, the cause of this will be investigated in chapter 6. Despite the spread 

in data it can still be seen that the maximum flow occurs where there is a maximum 

phase change and thus the peak of the resonance. 



4.5. Conclusion and discussion 81 

Flow and phase angle vs. frequency 

-69.5 
206 206.2 206.4 206.6 206.8 207 207.2 207.4 207.6 207.B 206 

frequency (kHz) 

Figure 4.17: Typical flow measurement using the scale, compared with the phase 

angle of the impedance measurement. This measurement will be further discussed 

in chapter 6. 

4.5 Conclusion and discussion 

Different characterisation techniques were used to get insight in the functioning of 

the vaporiser. Impedance measurement and interferometer observations showed 

the resonance behaviour. The next chapter will use these results to start an optimi­

sation procedure. 

The behaviour of the droplets was observed using a high-speed video camera. 

Different droplet ejection regimes were found as function of the actuation ampli­

tude. Measurements on devices with many nozzles working in parallel showed 

distribution of sizes narrow enough to comply with the demands set out in chap­

ter 2. The observed distribution is due to differences in actuation amplitude over 

the device's front surface. Also merging of droplets could cause part of the distri­

bution. 

The total flow shows some instabilities, but still a clear connection with the res­

onances could be seen. This is also an indication that resonances are an important 

aspect of the operation of the device. 
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Chapter 5 

Modelling and optimisation 

Abstract 

An FEM model of the vaporiser was constructed to analyse the vibration be­

haviour of the device. The first simulation models were made for existing devices 

to validate the simulation platform. With these results, optimisation criteria and 

optimisation parameters were identified. Three different device designs were opti­

mised, each for a particular vibration mode. Two of these designs showed sufficient 

stability to be used as vaporisers. 

5.1 Introduction 

It was already seen in chapter 4 that the operation of the device is connected 

with the presence of resonance modes. Interferometer observations and impe­

dance measurements confirmed this as demonstrated in the previous chapter. The 

functioning of the device is not yet ideal, only certain parts of the front plate eject 

droplets and others parts do not function at all. Some parts in between do not seem 

to receive sufficient amplitude and form large droplets on the front plate that can 

eventually impair the functioning of other nozzles. 

The measurements could not be used to measure the movement on the backside 

because there was not enough light reflected from this side. Any effort to improve 

the reflectivity would influence the mechanical properties. 

83 
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To get more insight in the actual vibration and to look at the influence of the 

different device geometries a computer model was built. The goal of the simula­

tion was to find the combination of movement on the front and back side and to 

optimise this movement for a certain resonance frequency. 

The device as presented in chapter 3, consists of a silicon front and back side. 

The front side holds the membranes with the nozzles and the backside the piezo 

actuator. The device is connected to its fluid reservoir by a modified injection 

needle or a PEEK part. On the back side there are two electrical connections. 

Before starting any modelling effort it is important to realise what has to be 

included in the model. It is unrealistic to put the whole device in a model, not 

only because of limitations in computer resources but also the number of unknown 

factors that might influence the device's behaviour. The goal of the simulation 

must be well defined, only then can an efficient and adequate model be built. 

First of all the model domain has to be identified; what is part of the model 

and what is to interact with the model through boundary conditions. So the model 

only incorporated the silicon parts and the piezo. The results of this model will 

be compared with real samples to see if there is agreement or if the model needs 

extension with for instance the water in the chamber. 

The vibration behaviour of the device is of interest; the functioning of the de­

vice is connected with the resonances of the device (see also chapter 4). This 

can be analysed with a calculation method called 'modeshape analysis'. Para­

graph 5.2.1 will go deeper into modeshapes, resonances and how these can be 

calculated and influenced. 

Once it is possible to model the behaviour of the device, the model can be 

used to do optimisation. Geometry variations can be tried without having to spend 

weeks in the cleanroom for fabrication. To do an optimisation, criteria have to be 

formulated as well as the parameters on which they are depending. Paragraph 5.4 

goes into identifying the criteria and parameters and will show the optimisation re­

sults. Three optimised designs will be presented each with special characteristics. 
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5.2 Theory 

5.2.1 Modeshapes, Resonances and Eigenfunctions 

This paragraph will explain the modeshapes and resonances as they can be found 

in the device. This insight will help choosing the different optimisation parame­

ters. First of all it is important to understand what a modeshape is and how it is 

connected with resonances. The best start is to look at a tight string, for instance 

a guitar string. It can be brought in a vibration by pulling it out of its equilibrium 

position and then releasing it. The frequency of this vibration is called the eigen-

frequency or ground-tone of the string. The frequency depends on the tension in 

the string and its mass. When the string is displaced at ~ and | of its length in 

opposite directions, the resulting vibration will have a different pattern and fre­

quency (see fig. 5.1). This is the second eigenmode and the frequency the second 

eigenfrequency. The displacement of the string is a particular pattern connected 

with the eigenfrequency, this pattern is called the eigenmode or modeshape. For 

die string a whole series of these modeshapes exist with increasing complexity and 

frequency. Mathematically these can be expressed as sine functions. For a string 

me equation of motion can be written in u(x.i), as [5.1]: 

Uu - C2 = Uxx 

0 <x < Lt > 0 
(5.1) 

u(œ) = 0 for x = 0,1 and t > 0 

with : c = \/rJp 

Wim T the tension in die string and p it specific mass. The subscripts imply 

derivatives, double subscripts imply the second derivative. The modeshapes are 

the eigenfunctions of die matfiematical system, the resonance frequencies are the 

eigenvalues. 

The movement of the string is depending on its mass and tension as we saw 

above. For a prismatic beam the principal deformation is due to bending. Conse­

quently the movement equation for a beam wim a constant cross section changes 
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Figure 5.1: The fìrst three eigenmodes of a string, 

to: 

(5.2) 
E = Young's modulus 

I = area moment of inertia 

A = cross sectional area of the beam 

The movement of the beam is expressed in terms of the bending, this means that 

the solution of this equation is depending not only on the position of the ends of 

the beam but also on the rotation of the ends. If the beam is allowed to rotate 

around its ends but the position is otherwise fixed we get a set of solutions which 

is similar to the solutions for the string problem. This kind of boundary condition 

is called simply supported. If the ends are fixed such that no rotation is possible 

the boundary condition is called fixed. In general these kind of systems are solved 
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by realising that a harmonic solution is of the form: 

u(x, t) = cosu;i{Ci sinfcar + C^cosfca + C^sinhkx + Gi cosh foc} (5.3) 

which gives a series solution in k. 

A sting or beam that is forced to vibrate in a certain frequency will vibrate 

in exactly the same modeshape as the free vibration when the excitation force is 

applied with the right frequency. Forced vibrations with frequencies between two 

resonances vibrate in a modeshape that is a sum of the surrounding modeshapes. 

The further away the resonance frequency of a mode, the less it will contribute to 

the vibration behaviour. The underlying mathematical principles can be found in 

the theory of Fourier series [5.1]. 

A guitar string or a rod have only one degree of freedom (the u(x, i)) thus 

only one series of modeshapes exists. The complexity of the modeshapes rises 

with a rising number of degrees of freedom. A plate has modeshapes that are 

the superposition of two thin rod solutions, one in the x and the other in the y 

direction. The u is thus a function of (a;, y) and t. The solutions of the vibrating 

plate problem are systematically given by Barton [5.2, 5.3], the frequency of a 

resonance can be expressed as: 

/„ = frequency for a certain mode n 

An = constant depending on the boundary conditions [5.2] 

E — Young's module 

v = Poison's ratio 

p' = weight per unit area 

h = thickness 

a = width 
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Looking at the possibilities to influence the frequency at which a certain mode 

appears, several things can be noted: 

- The An are only depending on the boundary conditions. 

- The actual mode frequencies can only be influenced by the material parame­

ters. 

- From these it is the thickness that the largest influence (it is taken to the 3rd 

power). 

5.2.2 The FEM method 

The problem gets more complicated if the beam or plate has a non-constant cross 

section. The I, the area moment of inertia; more or less how the mass is dis­

tributed over space, changes with the position and it will have to be taken inside 

the derivative. One way around these complications is the use of the finite element 

method (FEM). Here the problem is broken up in a series of partial problems. All 

these problems are put together to form a matrix equation. It goes too far to fully 

show the transformation of a continuous problem to a matrix problem, a treatment 

can be found in references [5.4]. The result of the transformation, is a equation of 

motion in ü and u [5.5]: 

[M]{ü} + [K]{u} = {0} (5.5) 

The matrix [M] holds the (distribution of) mass of the structure and is comparable 

with the pA term in 5.2. The [K] matrix hold the stiffness information, comparable 

with the EI in 5.2. The continuous deflection function u is replaced by a displace­

ment vector {u} which holds the displacements of the discretisation points. 

For a linear system, free vibrations will be of the form: 

{u} ={<j>}i cos w;i 

where {¢)( = eigenvector representing the modeshape 
(5.6) 

of the ith resonance frequency 

Wi = ith resonance circular frequency 
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Putting this in 5.5 gives the equation of motion for the harmonic case as: 

[-^[M] + [K])Mh = [O] (5.7) 

This is an eigenvalue problem that can be solved for U{ and {0}¿. The u>¿ are now 

the resonance frequencies and the [<f>}i the corresponding modeshapes. 

The vaporiser can be seen as two vibrating plates that are tightly coupled 

through the rim. The two plates have different properties so that the vibration 

behaviour is not forcedly similar on the front and back side. The possible mode­

shapes are a combination of the front and backside and thus more complex than 

for a simple plate. The impedance measurements showed that the vibration is very 

stable so that it can be concluded that there is a very tight coupling in the rim. If 

this was not the case certain free vibrations could exist that show up as a beating 

signal in the impedance. The front plate does not have the possibility of its own 

free vibrations and is thus part of the whole vibration system. 

5.3 Experimental 

The system of eq. 5.7 gives the resonance frequencies and modeshapes of any 

structure. There exist computer programmes that build the matrices [K] and [M] 

from a given geometry and materials properties and which can solve the eigenvalue 

equation. The one used for this research is ANSYS 5.4. The smaller the partial 

problems in which the main structure is divided (die elements or meshing) the 

more terms there will be in the two matrices and the longer the computer will use 

to construct and solve the problem. A trade off is necessary between accuracy and 

available computer resources. After constructing the two matrices the computer 

scans through a pre-set frequency range and list all the eigenvalues found in that 

range. 

5.3.1 Building the FEM model 

It was decided to model only the two silicon parts and the piezo and to leave the 

other parts (fluid connection, electrical connections, water in the fluid chamber) 
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Figure 5.2: The meshing of one side of the device and a detail of the membranes. 

out of the model. The membranes that hold the nozzles are so thin that they add 

only little to the stiffness. The nozzles will have even less influence. Therefore the 

front membranes are modelled with very few elements. Fig. 5.2 shows part of the 

meshed device. The fluid connection needs special attention. From the impedance 

measurements (see page 68) it could already be seen that the place and size of the 

fluid connection influences the vibration behaviour. The connection part was not 

in the model but boundary conditions were chosen such that they represented the 

different fluid connections (see also Fig. 5.3. The rest of the device was divided up 

in sufficient elements to have satisfactory calculation accuracy with short enough 

simulation time. 

Results 

The results of a calculation run consist of a list of frequencies of resonance modes 

and the corresponding mode shapes. The higher the frequency, the more com­

plex the modeshape. A series of modeshapes from a particular device can seen 

in table 5.4. Here the first 29 calculation results are shown, in theory this series 

continues until infinity. 
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Figure 5.3: The different fluid connections and their FEM equivalent. The dia­

mond symbols represent points in the models that are fixed in the three coordinate 

directions. For the needle only a small portion of the side is fixed while for the 

PEEK connection more of the side is fixed. 

Figure 5.4: A series of modeshapes of a IOx ¡0mm2 device. The diamond symbols 

are again the points in the model that are fixed. The numbers under the pictures 

are the modeshape number and the frequency of the mode. Only the front side 

with the nozzles is shown. The backside can be seen moving úirough the frontside 

there where the movement of the backside is opposite that of the front side, for 

instance in modes no. 7, 11,16 etc. The amplitudes are give as relative values, and 

normalised to 1. (next pages) 
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6; 48793 Hz 

8;69523 Hz 

10;81771 Hz 

7; 56101 Hz 

9; 73421 Hz 

11; 89985 Hz 

12; 100734Hz 13; 107517Hz 
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14; 113495Hz 15; 114676Hz 

16; 126211Hz 17;135433 Hz 

18; 140385Hz 19; 142606Hz 

20; 146685Hz 21; 151332Hz 
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22; 159937Hz 

24; 171406Hz 

26; 180573Hz 

23;160211 Hz 

25; 171657Hz 

27;184168 Hz 

28; 185298Hz 29; 195334Hz 
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It is possible to name modes according to the number of extremes in both axes. 

For instance mode 7 can be called a 1,1 mode, while mode 8 is a 2,1 mode. There 

are several different kinds of modeshapes. The first ones (for instance modes 1 

through 6) are body modes, the device vibrates in a similar fashion as a massive 

plate. Here the backside moves in the same direction as the front side, and with 

the same amplitude. No droplet ejection is possible with these modes. Modes 7 

and 8 are the first ones where the front side moves differently from the back side. 

These modes could be used for droplet ejection. Mode 9 and 10 are again body 

modes, this time more complicated then the first ones. The series of body modes 

continues through the whole frequency range. Mode 11 is similar to mode 9, but 

now the back side moves in the opposite direction. Mode 16 is comparable with 

mode 11 only 90° rotated. This is due to the asymmetry introduced by the fluid 

connection. Without the asymmetry they would be at the same frequency. Modes 

15 and 20 show another possible vaporising mode; the 2,2 mode. 

As conclusion can be said that there are body modes that can not be used for 

ejecting droplets and diere is a second series of modes that can be used for droplet 

ejection. As third, modes are found with a very complicated vibration behaviour 

which do not fit in any of die previous two descriptions, e.g. modes no. 13,14, 18, 

25,26,27 and 28. 

5.3.2 Validation of the model 

With so many assumptions in the model, empty fluid chamber, fluid connection 

through boundary conditions, but also the influence of the electrical connections 

and the stress due to the assembly procedure, it was important to validate the sim­

ulation system. To do this FEM models were made of several existing vaporisers. 

With the aid of these results it was possible to identify the modes of interest. This 

first simulations also helped minimize the calculation time to 45min. The main 

validation instrument was the interferometer, showing us the modeshapes on the 

front surface of the device. Fig. 5.5 shows two typical results of die comparisons, 
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Figure 5.5: Two typical comparisons between a simulated mode and the measured 

vibration of the front side of the device 

both the simulation and ¡nterferogramme are from a device without water in the 

fluid chamber. The agreement is good. From the shown observations and numer­

ous others the reliance interval for the simulations was set to 5%. It is important 

to notice that the order of the modes as they appear in the calculation and as they 

appear in the interferogrammes is the same. Already in chapter 4 the comparison 

between an empty and filled device was made. With this there is enough evidence 

to say that simulation of an empty device is sufficient for doing predictions on a 

filled device. 
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Figure 5.6: Cut through the device clearly showing the effect of the optimisation 

critérium: same movement on the back and front side but in opposite direction. 

5.4 Optimisation 

The simulation platform is now validated and can be used to find the optimum 

design. It was already seen that the backside (piezo side) of the device did not al­

ways have a compatible pattern with the front side. It is even possible that the back 

side movement completely cancels that of the front side (body modes). This gives 

the first optimisation criterium: the shape of the mode on the front and backside 

should be the same but in opposite direction (see also fig. 5.6). Connected with 

this comes the second criterium: the amplitude should be as high as possible over 

a maximum area. 

It is not possible to optimise a device for all possible resonances because of 

the fundamental asymmetry between the front and backside, given by the piezo. 

So a certain 'target' mode was chosen for each of the optimised devices. From 

the validating simulation certain modes were seen to appear with a rather sim­

ple modeshape (low modeshape numbers) at frequencies that are interesting for 

droplet ejection. The earlier devices had problems with nozzles that started leak­

ing due to insufficient amplitude that they received. Choosing one particular mode 

shape makes the placement of the nozzles easier, it is known where the maxima in 

amplitude will occur, minimizing the chance of leakage. 

Due to a limited quality factor (due to damping) mode mixing was seen for 

modes that appear close to each other. This can be observed on the interferometer 

as a slowly changing pattern on the front plate when a frequency scan is made. 
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When there is no mode mixing one mode appears after the other with a certain 

area of "no movement' in between. The larger the frequency distance between two 

modes the better this separation, (see also the discussion on the quality factor on 

page 63). When mode mixing occurs it is much harder to get the device to vibrate 

in one particular mode. This gives the third criterium as: the frequency distance 

between the mode of interest and the ones adjacent should be as large as possible. 

To achieve all this, certain aspects of the geometry have to be changed. The 

thickness of the two silicon parts, the size of the funnels, the thickness of the 

membrane etc. A few restrictions were applied; 

- The total size of the device was not changed as compared to the device pro­

posed in chapter 3; Total wafer thickness stays 400 //m and the chip size re­

mains 10x 10 mm2 . 

- The front side remains as much as it is because we need to put all the nozzles 

in the device and the device already functions reasonably well. Also the size 

of the nozzle membranes was kept constant to prevent them from being blown 

out by the pressure pulse. 

- The fluid connection remains the same for convenience on system level. 

This leaves the back membrane and the width of the connecting rim as free pa­

rameters for optimisation. Also the placement of the nozzle funnels is still free to 

choose. 

After identifying three modes of interest, three different device designs were 

optimised each for one of these modes using the above three criteria. The three 

devices were named Vapo8, Vapo 10 and Vapo 11. 

A very important step in the optimisation was to realise that the backside as 

it was would never achieve the right vibration behaviour at the right frequency. 

The front side is in fact a membrane with etched out cavities and thus has a lower 

effective mass but similar total stiffness. Formula 5.4 can be used to find an equiv­

alent back membrane that has the same resonance frequency. By making the back 

membrane thicker it can also be made stiffer but the effective mass goes up as well, 

giving a unrealistic thickness to arrive at a similar resonance behaviour as the front 
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Back membrane with piezo 

I ^ ^ ^ ^ H H H M D L , Fluid chamber 

Figure 5.7; The new device design with similar back and iront side 

side. This would give problems in the amplitude. If now for the back side a sim­

ilar type of membrane as for the front side is used this situation can be improved. 

Now only the piezo is left as asymmetry in the design. Fig. 5.7 shows this new de­

sign. Main parameter left for the optimisation is now the depth of the two chamber 

sides. Secondary the width of the rim and the size of the piezo are of importance 

as well as the size of the fluid connection. The cavities for the nozzle membranes 

are placed such that the they correspond to the maxima in the amplitude for the 

targeted mode. Fig. 5.8 shows schematic drawings of the basic layouts of the three 

new designs. The next paragraphs will go into details of the simulation results of 

each of the designs. 

5.4.1 Vapo 8 

This design addresses the (2,2) modes of the front and back side. This ideal mode 

is shown in fig. 5.9, it has two extremes on the two main axis. The basic layout is 

given in 5.8. 

Fig. 5.10 shows the influence of the depth of the two chamber sides on the 

resonance frequency and the frequency distance. The designs coded Vapo8-50e 

and Vapo8-75a have the best score for the frequency distance in this series. The 

numbers indicate the depth of the fluid chamber, when two numbers are given 

the first one is concerned with the frontside chamber half, the second one with 
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Figure 5.8: Layout of the new designs, each device consists of two similar silicon 

parts with a piezo on one side (see also fig. 5.7). The left layout is for Vapo 8, 

targeted for the 2,2 mode. Cavities are place there where maximum amplitude 

is expected. The middle one for Vapo 10, targeted for the 2,1 mode at a lower 

frequency then vapo8. Also here the nozzle cavities where maximum amplitude 

can be expected. The right most design of Vapo 11, a higher frequency then Vapo 

8 with a 3,1 modeshape. 

the backside. Letters indicate different boundary condition (e.g. different fluid 

connections). 

The influence of fixing a point on the boundary can be seen from fig. 5.11. 

Also in this figure the influence of the size of the piezo actuator. It can be seen 

that fixing a point has positive effect for the frequency distance criterium. The 

influence of the size of the piezo is marginal. For several devices the amplitude 

criterium was also tested, results can be seen from fig. 5.12. The third design 

clearly has the higher amplitude. Final design as it is made is comparable with 

the vapo8-75afrom fig. 5.11 and has a theoretical resonance frequency for the 2,2 

mode of 216.5kHz. 

Finally a comparison was made with the actual device. Fig. 5.13 shows the 

interferogrammes from two different devices vibrating in the target mode. As was 

expected the two devices show the targeted mode at the predicted frequency. 
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Figure 5.9: The 2,2 mode 
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Figure 5.10: Resonance frequency of ¡he 2,2 mode and the neighbouring modes 

for variations of the design VapoS. The different designs have different depths of 

die two sides of the chamber (see text). 



5.4. Optimisation 103 
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Figure 5.11: The influence of the houndary conditions and the pitto size on the 

frequency distance. As in fig. 5.10, the middle curve is tíie target mode. The line 

represents a fixed point on the device. The influence of the piezo size is marginal. 

Fixing an extra point on the side has positive effect in these cases. 

5.4.2 VapolO 

For the design of vapolO the (2,1) mode is addressed. There exist two possibilities 

for this mode; the (2,1) or, as seen in the same direction, (1,2). Theoretically 

they appear at the same frequency for a rotational symmetric device. The fluid 

connection will cause an anti-symmetry in the device and thus a frequency distance 

between the two possibilities. The basic layout of this mode is also given in fig. 5.8. 

The influence of the connection to the outside world can be seen from fig. 5.14. 

The best result, i.e. the best distance for the two adjacent modes, was achieved with 

only a point connected. This is less practical and the difference with devices with a 

small portion of the side connected is marginal (design nr 3 from fig. 5.14). These 

result was used further to maximise the amplitude of the (2,1 ) mode on both sides 

Io arrive at VapolO-X, which has the targeted mode at 126.2 kHz. 

file:///spo8_50
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vapo8 vapo8-1 vapo8-50-75w 

Figure 5.12: Amplitude of the 2,2 mode for different versions of Vapo8. The 

top shows the front of the device and the bottom the backside (with the piezo). 

The third design has a wider connection rim and shows a higher amplitude on the 

backside. 

5.4.3 Vapoll 

This design addresses the (3,1) mode which has fundamentally a higher frequency 

than the two previous designs. The advantage of the higher frequency is the lower 

number of nozzles necessary to arrive at the same flow. 

This design proved very sensitive to boundary conditions and also to slight 

variations in the design. This already indicated that slight variations in the pro­

duction and assembly would perturb the functioning of the device and this was 

confirmed by experiments. 

Fig. 5.15 shows three calculation results for one geometrical variation of vapol 1 

with three different sets of boundary conditions. In the first case the device was 

only connected at the place where the fluid connection sits (similar to the syringe 

needle). The second case has an extra constraint at the opposite site and the third 

has also constraints there where the two nodal lines meet the right and left side of 

the device. It can be seen that especially the backside is enormously influenced 
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Figure 5.13: Interferogrammes of two different Vapo8 devices. The top picture is 

taken at 212.5kHz and the bottom one at 212.2kHz. 

by these changing boundary conditions. What is also remarkable is that the tar­

geted mode changes mode number between cases two and three, which means that 

certain modes disappeared. 
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Frequency of the target mode and its neighbouring modes 
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Figure 5.14: Influence of the fluid connection on the frequency distance criterion 

for the VapoW design. Arrows indicate a fixed point. The lines represent area's 

that are fixed Designs 6 and 7 perform the best, but aìso 2 and 3 are acceptable. 

These designs will be submitted to the other criteria. 

5.5 Conclusion and Discussion 

For every device design, around 50 simulation runs were made, each for a different 

combination of the optimisation parameters. All results were 'manually' judged 

and in this way the ideal design was found. It is possible to fully automate the 

optimisation procedure. 

Three designs were optimised using the three criteria: 

- Movement of the backside similar to the front side but in opposite direction for 

maximum surface available for nozzles. 

- Maximum amplitude between the front and backside, for maximum ejection 

pressure pulse. 

- Maximum frequency distance between the target mode and its neighbouring 

modes for stability. 
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left: 28; 215.1 kHz middle: 28; 219.65 kHz right: 26; 219.4 kHz 

Figure 5.15: Three different boundary condition cases of a vapol 1 version. Left: 

only the fluid entry connected. Middle; Also die opposite side of die fluid entry 

connected. Right; Added constraints diere where the nodal lines cross die left and 

right side. 

These designs were fabricated and results were compared with the simulation 

predictions. The agreement is very good and more results will be presented in the 

next chapter. The modeshapes appeared at the predicted frequencies as could be 

seen with the interferometer and the impedance measurements. The design vapol 1 

proved too sensitive to slight variations so it is left out for the rest of the discussion. 

Next step is to check whether the vaporisation characteristics of the designs 

vapo8 and vapolO, have improved compared with the ones available before the 

optimisation procedure. The next chapter will present the comparison of the char­

acterisation results and the simulation predictions. Measurements on droplet size 

and throughput will also be presented. 

Through the modelling and optimisation the fundamental understanding of the 

functioning of the device improved. It proved sufficient to model the empty device, 

to predict the behaviour of the filled device. 
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Chapter 6 

The optimised device 

6.1 Introduction 

Three different, optimised designs were shown in the previous chapter. The simu­

lation results were briefly compared with the fabricated devices, and two of the de­

signs showed the predicted behaviour. The third showed unacceptable instabilities 

as could already be explained by the simulation results. These first two designs, 

Vapo8 and VapolO, will be further tested. A thorough comparison will be made 

between the simulation results, the interferometer observations and the impedance 

measurement to conclude on the quality of the simulation results. Secondly these 

devices will be used as vaporiser and results compared with the demands set out 

in chapter 2. 

For convenience, the numbers used in the simulations are dropped. Vapo8, 

resp. VapolO, as it is presented in this chapter is the optimal design found in 

chapter 5 (Vapo8-75a, VapolO-X). 

6.2 Comparison of simulation results 

To come to a full comparison, interferograrnmes of several modes should be com­

pared with the simulations. The impedance curves can be used as complementary 

information and can give information about the quality factor of the various modes. 

109 
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With this final comparison the simulation platform will be further validated. 

Also can this information be used for extension of the simulation effort, for finding 

the amplitude of the calculated modes through dynamic simulation. 

6.2.1 Vapo8 

Some of the results were already shown in the previous chapter, for instance 

Fig. 4.7 on page 73 shows the comparison of the impedance curve of Vapo8 with 

the interferogrammes of the resonances. In Fig. 6.1 and 6.2 a different series of 

measurement results is shown for the same device. It can be seen that not only the 

targeted mode, the 2,2 mode, appears where it is expected but also the other modes 

show good agreement. Some of the theoretical modes could not be seen due to in­

sufficient amplitude or due to mode mixing. Other modes were hard to find back 

in the impedance curve even though they showed up clearly in the interferometer. 

The good agreement between the impedance curve and the interferogrammes 

is logic, they are made from exactly the same device. The simulation results show 

minor differences with the measurement results. A number of effects can cause 

this deviation. 

- Numerical effects; The resonance frequencies are approximated during the 

calculations. The uncertainty, taken from the manuals of the simulation pro­

gramme, is usually of the order of 1 % or more. 

- Discretisation errors: The FE-mesh is an approximation of the real problem. 

The fewer elements, the less accurate the calculation result. This error can 

account for several 0.1 % of the error. 

- Geometry differences: The fabricated device never has exactly the same di­

mensions as the simulation model. This can account for several percent of 

deviation. 

- Damping: The calculation was done on ideal devices without damping. In 

reality the damping will cause the resonance to appear at a lower frequency. 

The amount of damping depends on the actual modeshape and can also cause 

up to several percent of deviation. 
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200 210 220 230 240 250 260 270 280 290 

frequency (kHz) 

Figure 6.1: The interferogrammes and impedance curve for a Vapo8. Resonances 

correspond to bending points in the phase curve. The fíuid connection is located 

on we top of the interferogrammes. Fig. 6.2 shows the corresponding simulation 

results. 

The calculation results show good agreement with the fabricated devices, in 

view of these possible errors. The numerical and discretisation errors can be min­

imized by finer meshing and better calculation methods. This in turn will give 

higher demands on computer resources; e.g. memory and CPU speed. 

6.2.2 VapolO 

Also for the vapolO design the full comparison between the simulation results, 

the interferometer observations and the impedance curve was made. Fig. 6.4 and 

6.3 shows this complete analysis. Again, the simulated modes could be found 

back within a few percent of the predicted frequency. Some of the resonances 

that clearly show up on the interferometer are hardly visible in the impedance 
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• - • 

23:201.35 kHz 25:234.6 kHz 28: 254.2 kHz 

31:271.1 kHz 33: 293.8 kHz 

Figure 6.2: The simulation results for Vapo8 as it was fabricated. The fluid con­

nection is on the left side of the device. These figures should be compared with 

the interferogrammes of fig. 6.1. 

measurement. Even the target mode at 126kHz (119kHz in the interferometer) has 

a very small phase change. This shows that the impedance measurement is not 

conclusive, but should be used in combination with the interferometer. 
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Figure 63: The interferogrammes anaphase angle curve for VapolO. 

6.2.3 Stability 

The stability of the target mode of Vapo8 in the frequency domain, which is con­

nected with the mode mixing and the quality factor can be seen from Fig. 6.5. The 

mode distorts fast at frequencies beside the resonance frequency. This indicates a 

high quality factor. 

The target mode moved about 3 kHz in frequency when the fluid chamber was 

filled with liquid. Important to notice is that there is a continuous transition, e.g, 

the target mode can be found somewhere between the empty and filled frequencies, 

when the chamber is not completely filled. Building a resonance circuit could 
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56.IkHz 89.9 kHz 113.4 kHz 

126 kHz 135 kHz 146 kHz 

159 kHz 

Figure 6.4: The simulation results for VapolO 

compensate the shift in resonance frequency to compensate for any air bubbles 

that might form in the fluid chamber. 

6.3 Vaporiser characteristics of the optimised devices 

6.3.1 Droplet size 

The fabricated devices had nozzles of 8 //m diameter in stead of the demanded 

5 //m, due to some fabrication problems. It is expected that the droplets have 

the same size, i.e. 8 firn. Fig. 6.6 shows a high-speed video picture of droplets 

generated from a Vapo8 with 8 /xm nozzle size. The distance between two lines on 

the ruler is 50 ¡xm. This gives for this small sample that the droplets are between 
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Vapo8 rounded I (3/6) 
dry (8/6/99) 

212.5 

212 

210 214 

Figure 6.5: Interferogrammes around the targeted 2,2 mode at 212.5 kHz. The 

numbers correspond to the actuation frequency in kHz. 



116 CHAPTER 6. THE OPTIMISED DEVICE 

Figure 6.6: High speed video picture of the droplets ejected from a Vapo8 with 8 

/xm nozzle size. Average droplet size is 8 ßm. 

Figure 6.7: Overview of the nozzles in a Vapo8, nozzles were measured to be 8 

\xm in diameter. 

7 and 9 fim in diameter. This confirms that the droplet diameter is given by the 

nozzle size. The actual nozzles are shown in Fig. 6.7. Unfortunately it was not 

possible yet to perform LDA measurements on these samples. 
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6.3.2 Throughput 

The total flow and the flow stability are of interest for the final application. Mea­

surements with the scale set-up (details in chapter 4), showed that there are stability 

problems. The shot to shot volume can vary as much as 25%. This is probably due 

to air bubbles that form inside the fluid chamber. The device was actuated with a 

30Vpp sine signal and had a power consumption of IW. 

These air bubbles are drawn in from the outside through the nozzles. The de­

pression in the fluid chamber due to the flow through the chamber in combination 

with nozzles that do not see sufficient amplitude can explain this. Cavitation seems 

out of the question due to low accelerations in the device. Degassing of the liquid 

in the fluid chamber can also be a problem, but tests showed only minor influ­

ences when using degassed water. Air in the fluid chamber changes the vibration 

behaviour and thus the mode shape. This in turn modifies the available pressure 

pulse at the nozzles. 

Fig. 6.8 shows again (also fig. 4.17) the measurement results for different fre­

quencies around the targeted resonance. The instability is clear from the spread 

in measurement data. At frequencies besides the measured range the flow tended 

very fast to zero. When only the maxima are taken the impedance curve can be 

found back in the flow, confirming the assumption that the ejection is resonance 

dependent. The small spread at 207.0 kHz can not easily be explained nor repro­

duced, but is possibly connected with a larger air bubble that stabilised the system 

at a lower flow. The stability is still insufficient to de repeatable the measurements. 

When there are no air bubbles present in the fluid chamber the device works 

with a maximum efficiency and will give the maximum flow possible. The mea­

sured peak flow was 20 ßL /s (data not shown in fig. 6.8). Considering that droplets 

of 8 (ira diameter hold four times more volume than the target of 5 ßm, the to­

tal flow can be estimated to be 5 ^L f s for the target size range. This is slightly 

lower than the demand of 10 to 15 ßL' j ' s . Improving the stability by preventing air 

bubbles from forming will improve the total flow to within the proper range. 
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Flow and phase angle vs. frequency 
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Figure 6.8: Typical now measurement using the scale (repeated from chapter 4), 

compared with the phase angle of the impedance measurement. Data points are 

results of a single measurement. 

With the instabilities caused by the air bubbles the device still showed some of 

the leakage from nozzles that do not receive sufficient amplitude. By treating the 

front side of the device with HMDS,1 which makes it hydrophobic, leakage could 

be minimized or even prevented. This is a large improvement compared with the 

previous designs. HMDS is not useful for medicine applications because of its 

toxicity but other coatings can be found that have the same properties. 

Although not characterised in detail, the device seems to be sensitive to the 

impedance of the fluid reservoir and the connecting tubing. Different kinds of 

connections gave different stability behaviour. This should be investigated in sub­

sequent research. 

Two optimised designs are presented in this chapter. Both of them showed 

some problems with air bubbles. They both showed far better characteristics con­

cerning the leakage. Vapo 10 works at a frequency of 12OkHz while vapo 8 works 

around 210 kHz, this gives Vapo 8 a flow advantage. Also has Vapo 8 a clearer 

1 HMDS = hexamcthyldisilazane 
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peak in the impedance/phase diagramm which makes it easier to design electron­

ics for the resonance circuit. Vapo 10 works at a lower frequency and has therefor 

a higher amplitude with the same actuation signal, this would lower the power 

demand. 

Concluding can be said that there is at this point no clear advantage of one 

design over the other. Further testing, especially the droplet diameter, is necessary 

to come to a conclusion. 

6.4 Further work 

A small phase change at the targeted mode means that it will be difficult, but not 

impossible, to design electronics that could compensate for any shifts in resonance 

frequency. Further research is necessary here. 

An other solution to the same problem could be to look at other target modes 

that maybe have a larger phase change. The advantage of using a mode that has a 

phase change close to 90° is the low ohmic power consumption. 

Properly designed electronics can also compensate for the differences between 

the different vaporisers; not all devices will have exactly the same resonance fre­

quency due to small production and assembly variations. 

The total flow is not stable enough for the application, this seems connected 

with the forming of air bubbles inside the fluid chamber. The fluid capacity at the 

entrance and the connection to the fluid reservoir, seems to influence this problem. 

Fully analysing this behaviour will show how to stabilise the total flow. 

The hydrophobic coating on the outside improved the remaining leakage be­

haviour. The influence of hydrophilic coating on the inside still has to be further 

investigated. 

Now that the basic operational parameters of the device are understood and a 

simulation platform is available, it will be possible to do rapid prototyping with 

different materials for certain parts of the device. Especially the backside has not 

necessarily to be made in silicon technology. Injection moulding of ceramic seems 

a good option, it is much cheaper in mass production and ceramic has mechanical 



120 CHAPTER 6. THE OPTIMISED DEVICE 

properties that are compatible with the silicon of the front side. For the frontside 

with the nozzles, there does not seem to be an alternative that can achieve the same 

fabrication accuracy. 

6.5 Discussion and Conclusion 

Starting form a basic understanding of the vaporisers as presented in chapter3 a 

modelling and optimisation effort was started. Three optimised designs were fab­

ricated and in this chapter two of the optimised designs were fully tested and com­

pared with the predictions of the previous chapter. The agreement is very good. 

This means that the basic operational parameters of the device are understood and 

modelled correctly. 

The simulation proved very useful for the improvement of the vaporiser. The 

leakage could be prevented and the stability problems could be minimized to these 

caused by the air bubbles in the device. Also are the operational parameters better 

understood so that the remaining problems can be easily identified. A design was 

fabricated that functioned with a certain mode, making it possible for the first time 

to place nozzles in area's with maximum amplitude. 

The size of the droplets can be changed at will, by etching the desired nozzle 

sizes. The target size of 4 to 5 ¡am was already demonstrated in chapter 4. In this 

chapter it was seen again that the droplet size is give by the size of the ejection 

nozzle. Only a small spread in droplet size could be seen, probably due to the 

difference in actuation amplitude at the different nozzles. 

The total flow is slightly too low and has some stability problems, but is in the 

right order of magnitude. This shows that the proposed design is suitable for the 

application. 

The available designs before the optimisation procedure was started showed 

many problems due to leakage of nozzles that did not receive sufficient amplitude 

for droplets to be ejected. The improved designs, vapo8 and vapolO, did not show 

this problem because the nozzles are placed there where maximum amplitude is 

expected. 
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The power consumption of IW for the device is reasonable; battery operation, 

and thus a portable device, will be possible. 

Finally can be said the ink-jet techniques proved very successful. The spread 

in droplet size is far less as compared with the traditional devices. The proposed 

drop on demand devices are active elements which gives the possibility to build 

a 'smart' inhaler, which adapts its flow of medicine to the inhalation flow of the 

patient. 
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Publications 

The work presented in this thesis is also published in the following ways: 

A.l Patents 

- 97120287.4-2305 Liquid droplet spray device for respirator therapies. Inven­

tors: J. Hess, Hu Bo, R. Weber, I. Ortega, C. Barraud, B. van der Schoot, N. de 

Rooij, B. de Heij. 

- 98111497.8-2305 Liquid droplet spray device for an inhaler suitable for respi­

ratory therapies. Inventors: J. Hess, Hu Bo, R. Weber, I. Ortega, C. Barraud, 

B. van der Schoot, N. de Rooij, B. de Heij. 

- 98122751.5-2307 Optimised liquid droplet spray device for an inhaler suitable 

for respiratory therapies. Inventors: J. Hess, Hu Bo, R. Weber, I. Ortega, C. 

Barraud, N. de Rooij, B. de Heij. 

- 99122535.0-2311 Optimised liquid droplet spray device suitable for an inhaler 

for respiratory therapies. Inventors: J. Hess, Hu Bo, R. Weber, I. Ortega, C. 

Barraud, N. de Rooij, B. de Heij. 
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A.2 Conference and workshop presentations 

The work in this thesis was presented, in parts, at the following conferences and 

workshops: 

- Nanotech'97, Nov. 1999. Montreux, Switzerland. A device for dosing in the 

fL range, B. de Heij, B. van der Schoot and N.F. de Rooij. 

- The first Swiss-Rumanian workshop on microfluidics. Lausanne, Switzerland. 

A device for dosing in the fL range, B. de Heij, B. van der Schoot and N.F. de 

Rooij. and A smart inhaler,B. de Heij, B. van der Schoot, Hu Bo, J. Hess and 

N.F. de Rooij. 

- MSM'99, May 1999. San Juan, Puerto Rico. Modelling and optimisation of a 

vaporiser for inhalation drug therapy. B. de Heij, B. van der Schoot, Hu Bo, J. 

Hess, N.F. de Rooij. 

- Eurosensor XIII. Sep. 1999. Den Haag, the Netherlands. Characterisation of a 

fL droplet generator for inhalation drug therapy, B. de Heij, B. van der Schoot, 

Hu Bo, J. Hess, N.F. de Rooij. 

- The First, Second, Third and Final Minast convention. Bern, Switzerland. 

Intelligent microfuidic systems, proj. no. 1.06.02. 

A.3 Conference proceedings 

- Modelling and optimisation of a vaporiser for inhalation drug therapy. B. 

de Heij, B. van der Schoot, Hu Bo, J. Hess, N.F. de Rooij. Proceedings of 

MSM'99, San Juan, Puerto Rico, pages 542-546. 

- Characterisation of a fL droplet generator for inhalation drug therapy, B. de 

Heij, B. van der Schoot, Hu Bo, J. Hess, N.F. de Rooij. Proceedings of Eu-

rosensor XIII, Den Haag, the Netherlands, pages 
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À.4 Journal Publications 

Characterisation of a fL droplet generator for inhalation drug therapy. Sensors and 

Actuators, B. de Heij, B. van der Schoot, Hu Bo, J. Hess, N.F. de Rooij. Accepted 

for publication in Sensors and Actuators A, die Eurosensor Xin special issue. 


