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Abstract
Pulmonary drug has become a new drug delivery route nowadays as it has a lot
of advantages. For example, using this route a lower dosage of drug can be used, the
drug can be effectively absorbed by the body. However, there is a constraint for
pulmonary drug delivery that is the inhaled particle size. The aerodynamic diameter
of the inhaled particle should fall in the range of 1-5 J.tm in order to reach the suitable
part of the lung for pulmonary drug delivery.
The current industry uses spray drying technique to produce inhaled particle. But
the particles produced by this method have wide size deviation and the heat may
damage the drug. Therefore, an innovative approach was developed. The ink jet
printing technology was introduced to generate droplets for inhaled particle
generation. The droplets were dried by dry air in a dryer. The goal of this project is to
develop a platform for mono-size particle generation. A piezoelectric ink jet printer
with bend operation mode, Epson C45 printer, was selected to generate droplets and
compressed air was used to dry the droplets to produce dried particles.
A series of experiments, using different concentration and flow rate, were
carried out to investigate the possibility of generating dried particles with
aerodynamic diameter 1-5 J.tm. It was found that the size distribution of the dried
particles using 0.1 % lactose solution under 10, 20 and 30 psi compressed air flow
satisfied the requirement. The mean size of the dried particles was around 2J.tm with
GSD in range of 1.2 -1.3 J.tm. These results showed that the platform can produce
particles with a narrow size distribution and their aerodynamic diameter lied between
1-5 J.tm, which are suitable for pulmonary drug delivery.
However, there were drawbacks for ink jet printing technology: Viscosity limit
and time-dependent deterioration. To solve the viscosity limit problem, printer with
coupled mode can be used instead of bend mode. Increasing the duration of the piezo
is a good way to settle the time-dependent deterioration of the piezo. After solving
these problems, the potential of using ink jet technology for large scale production is
largely increased..

2

Content
Chapter 1 - Introduction ................................................................................................. 4
1.1 Background information ...................................................................................... 4
1.1.1 The Inhalation therapy .................................................................................. 4
1.1.2 The spray drying technique ........................................................................... 5
1.1.3 The Piezoelectric Printing Technique ........................................................... 5
1.2 Aims and Objective: ............................................................................................. 6
Chapter 2 Prototype ........................................................................................................ 6
2.1 Prototype design ................................................................................................... 6
2.1.1 Printer selection ............................................................................................. 7
2.1.2 Drying ........................................................................................ ;.................. 8
Chapter 3 Experiment Procedures .................................................................................. 9
3.1 Materials ............................................................................................................... 9
3.1.1 Raw materials ................................................................................................ 9
3.1.2 Equipment ..................................................................................................... 9
3.2 Methods ................................................................................................................ 9
3.2.1 Measuring size distribution of dried particle ................................................ 9
3.2.2 Dried particles collection ............................................................................ 10
3.2.3 Preparation for scanning electron microscope ............................................ 10
3.2.4 Preparation for measuring viscosity oflactose solution ............................. 11
Chapter 4 Discussion ................................................................................................... 11
4.1 Experimental Result ........................................................................................... 11
4.1.1 Particle Size and Size Distribution.............................................................. 11
4.1.2 Morphology ................................................................................................. 14
4.1.3 Comparison between ink jet and spray drying ............................................ 15
4.2 Problem encountered and possible solutions ..................................................... 15
4.2.1 Clogging ...................................................................................................... 15
4.2.2 Viscosity ...................................................................................................... 15
4.2.3 Satellite Formation ...................................................................................... 16
Chapter 5 Further Development ................................................................................... 17
Chapter 6 Conclusion ................................................................................................... 19
Chapter 7 Reference ..................................................................................................... 20

3

-

-

- - - - - - - - - - - - - - - -

Chapter 1 - Introduction
1.1 Background information

1.1.1 The Inhalation therapy
Inhalation therapy has long been used for the treatment of respiratory diseases
such as asthma. The advantages of inhalation therapy over other methods such as oral
intake and subcutaneous injection are that the site of intake, the epithelial cell lining
of alveoli, provides a large surface area (~140m 2 ) for diffusion of drug particles into
blood. The wall of alveoli is highly pelmeable and surrounded by the network of
blood capillaries which can maintain a large diffusion gradient. The alveoli have no
mucociliary clearance and the lung is immuno-tolerant in nature [1].
But still, the inhalation therapy has other physiological considerations. The
oropharynx has a 90° bend that leads to the impaction and deposition of particles at
the back of throat. There is a progressive branching and the narrowing of airway
which causes an increasingly tortuous path for the inhaled particles to navigate. The
high humidity and mucociliary clearance mechanisms along the trachea also inhibit
the progress of the inhaled drug particles in these regions [2].
There are two primary mechanisms for the deposition of therapeutic aerosol:
inertial impaction (in the oropharynx and at bifurcations between the larger airways)
and gravitational sedimentation (in smaller conducting airways and alveoli). The
transport of molecules across the alveolar wall has other methods such as trancytosis
(molecules with size exceeds 40kDa) and bi- or tri-junctional paracellular processes
(molecules with size about IOkDa) [2]. The figures below show the structures of the
trachea and the alveoli.
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Figure 1 - The normal air way [3]

Figure 2 - The structure of alveoli [4]

There are some factors affecting the deposition of the aerosol: aerodynamic
diameter of particle, mode of inhalation, and the degree of airway obstruction. The
aerodynamic diameter of the patiicle is the major focus of this project. With reference
to most of the literature researched, the optimal aerodynamic diameter of the particles
for inhalation therapy falls into the range of l-SJlm, which is called respirable range
[8]. Particles with aerodynamic diameter larger than this range will be trapped in the
oropharynx and swapped, together with the dust in the mucus, out the respiratory tract,
while smaller than this range will be breathed out along with the exhaled gas.
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1.1.2 The spray drying technique
Spray drying is the traditional and popular method for drug powder formulation.
Actually this is a well-established technology in the food and phalmaceutical
industries due to the fact that the evaporative capacities is high and as there is small
number of moving palis, the cost of maintenance is low.
However, the major challenge of spray drying is to recover the micronized
spray-dried material at an economically acceptable yield due to the high operating
cost of both equipment and process. Large amount of heat is also applied for the
drying process so that this poses the thermal stress to the heat sensitive materials such
as proteins that will lead them to be potentially denatured. The atomizer of the spray
dryer has the potential to produce the droplets with a wide size distribution so that the
particle size becomes out of the range set by the Food and Drug Administration (FDA)
[5], and the high rotational speed produces great shear stress which is damage to the
structure of particles generated as well.
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Figure 3 - Schematic diagram of Spray Drying [6]

Figure 4 - Rotary atomizer [l]

1.1.3 The Piezoelectric Printing Technique
The popularity of pulmonary drug delivery has been gaining a dramatically
increase. The current approach for production of the drug particles by the
pharmaceutical industries is to utilize the method of spray drying. However,
significant problems such as high operating cost and wide particle size distribution are
encountered.
In the project, we proposed to investigate an alterative approach which is
potentially feasible to produce better drug particles in terms of the drug particle size
and its size distribution - the piezoelectric ink-jet printing technology.
Ink-jet printing technology has been developed over half of a century. Since
the late 1980s, the drop-on-demand ink-jet printing technology has already dominated
the printer market [7]. Over these few decades, this technology has been sophisticated
enough to produce high quality mono-disperse ink droplets with narrow size
distribution. Nowadays, more than 100 millions ink-jet printers have been produced
each year [8].
In view of this sophisticated technology, the special features of the
piezoelectric ink-jet printing technology have been realized that there is a potential
utilization in other areas for droplet generation. To pursue a high-added-value and
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novel product, we focus on investigating the particle generation for inhalation therapy
by pulmonary drug delivery.
This investigation is a rather risky one in that it is possible that we mayor may
not successfully generate the particles of aerodynamic size of 1 to 5 micron meter, the
size required for inhalation therapy. In the case of success, this technology can be
promoted to pharmaceutical industries for the large-scale production of pulmonary
particles. However, in the case of failure, the difficulties and limitations of utilizing
this technology for pulmonary drug particle generation can be reported to others who
have the intention to investigate this later on. Nevertheless, we believe that it is a very
interesting and innovative project that we would like to explore.

1.2 Aims and Objective:
Aims:
•
•

In this project, we have two major aims:
Production of mono-disperse droplets by the piezoelectric ink-jet printing
technology.
Drying the droplets to achieve the aerodynamic diameter 1-5 Ilm.

Objective:
To create a platform in order to investigate the feasibility of manipulating the
piezoelectric ink-jet printing technology to generate mono-disperse droplets for
pulmonary drug delivery.

Chapter 2 Prototype
2.1 Prototype df!sign
The prototype was designed as follow. In the droplet generation part, the
printhead is located vertically at one end of the horizontal drying tube. At this end, the
compressed air, via the flow modifier, passes along the drying tube under the laminar
flow as shown in the figure. As the droplet generates from the nozzle of the printhead,
it passes along the drying tube and start drying.

~Printhead

Sampling
Tube

Filter Holder

Compressed
Air
--.

Pump
Figure 5 - Schematic diagram of the particle generation system
The dried droplets as the particles will be driven into the Aerodynamic Particle
Sizer through the sampling tube opening to investigate the aerodynamic diameter of

6

the particles and their size distribution. At the end of the drying tube, it is connected
with the filter with 1 micron meter pore size for collection
of dried particles.
The filter at the end of the dlying tube is connected
with a pump to provide a suction pressure which is slightly
smaller than that in the drying tube. This design is to
prevent any absorption of sun·ounding particles or dusts on
the filter paper. The pump is connected to the flowmeter to
keep checking the suction pressure generated by the pump.
Figure 6 - Epson C45

2.1.1 Printer selection
The ink-jet printers have been categorized into continuous and drop-on-demand.
In drop-on-demand ink-jet printing, thermal and piezoelectric printers are the two
most popular types [9].
In the case of thermal ink-jet printing, a
tiny resistive heater is used to create small
Be nd-Mode Piezoelectric
bubbles of steam inside the ink, which is usually
DO D Inkjet
water based. As these bubbles expand in the
result of heating, they generate the pressure
pulse to eject the ink droplets. This printing
mechanism is commonly used nowadays
because of simple and cheap. However, the
thermal ink-jet is not appropriate for the drug
Figure 7 - Bend-mode
particles generation as heat is involved for the
Piezoelectric Drop-On-Demand
ejection of ink particle so that protein materials
Inkjet Printhead [10]
are potentially denatured under the evolution of
heat.
In the case of piezoelectric ink-jet printing, a class of ceramics based on lead
zirconium titanate is applied which acts as a transducer in that when this element is
subjected to an electric field, it will deform to generate a pressure to eject the ink
droplets out of the cartridge via the nozzle [10]. This printing mechanism does not
require heat, which means that no steam or vapor will be produced so that the
chemistry of the ink is not affected [11]. There is no thermal effect on the droplets.
In this project, we focus on investigating the
piezoelectric bend mode printing technology
100~m
which is used by the Epson printer model C45.
The nozzle size of C45 is around 22Jlm. The
characteristic of this mode is that the electric field
between its electrodes is in parallel with the
piezo-plate polarization. The piezo transducer
plates are bonded with the printhead diaphragm
which is opposite to the nozzle plate. When the
voltage is arrived, the piezo transducer converts
the electrical signal to mechanical force that
deforms and creates a pressure on the ink to eject
it out of the nozzle. The advantages of these
Epson heads are that they form velY accurate
circular droplets with narrow size distribution, and
they are mass produced.
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2.1.2Drying
The droplets once generated from the nozzle of the printhead are saturated
with water. When the droplets pass through the drying tube, they are carried by the
flow of compressed air with laminar flow and stmi drying according to the rate which
is determined by the residence time. The residence time for drying the droplets is
determined by the Langmuir' s equation below derived in the literature.

The estimated drying time is equal to 0.270s. However, the actual required drying
time should be longer than the estimation because of the assumption of isothermal
drying. Therefore, 0.5s was suggested to be the drying time for initial testing.
The figure below shows the qualitative feature of compressed air with laminar
flow pattern along the drying tube:

Figure 9 - Laminar flow pattern in the dryer
To show the laminar flow of the compressed air along the drying tube
quantitatively, the Reynolds number (Re) should be calculated. IfRe is less than 2100,
the flow is theoretically laminar flow. Using the equation,
Re

= vrp

1J
Re offlowrate at 30psi, 20psi and lOpsi was calculated as 496,343 and 253
respectively. From the qualitative calculation above, all the flow at these three
flowrates are laminar flows.
The ideal case is to apply small air flow with a short dryer in order to reduce the

l =

Vb t

Figure 10 - Possible route of projectile motion of droplets
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size ofthe prototype and save the cost of equipment. However, the particle will have
projectile motion when it moves along the dryer. Therefore, it is required to calculate
the minimum required flow rate of the dryer so as to prevent the droplets dropping on
the wall of the dryer before reaching the filter or the sampling tube. The calculated
flow velocity is equal to 0.176 mls. The calculated minimum flow velocity (0.176 mls)
is smaller than the experimental flow velocity. This means that the estimation is
satisfactory.

Chapter 3 Experiment Procedures
3.1 Materials

3.1.1 Raw materials
•
•

Lactose a-monohydrate (purity 99.9%)
Deionized water

3.1.2 Equipment
•
•
•
•
•

Pump
Bubble flow meter
Aerodynamic particle sizer (APS)(Manufacturer: TSI, Model: 3321)
Scanning electron microscope (Manufacture: lEOL, Model: lSM 6300F)
Rheometer (Manufacturer: TA instrument, Model: AR 2000)

3.2 Methods

3.2.1Measuring size distribution of dried particle

Before the experiment, several preparations were needed. The printhead of the
Epson C45 was taken out with the help of senior technician in the mechanical
workshop. 0.1 %, 0.5% and 1% lactose solutions were prepared before starting the
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experiment, with deionized water as the solvent and
lactose a-monohydrate as the solute. The amount of
lactose a-monohydrate was measured by an electronic
balance and the volume of water was measured by a
measuring cylinder. The solutions prepared were
stored in a plastic container. The ink inside the ink
cartridge was replaced by the lactose solution and
labeled.
Figure 12 - Washing of
For measuring size distribution, the adaptor
printhead
and the filter holder were removed. The printhead was
washed with the lactose solution which would be used for droplet generation. The
compressed air inlet flow was turned on simultaneously to blow away any
containment in the dryer. After blowing with compressed air for a few minutes, the
pressure of the compressed air was adjusted to the required pressure by means of a
pressure regulator and the printer was connected to a computer and was switched on.
The control of printing was done by a word processing program and only the black
ink cartridge was used for droplet generation. An A4
size page with full text was used as a sample page for
control.
The aerodynamic particle sizer (APS) was
switched on and the L-shaped sampling tube was
connected to the APS. The configuration of the APS
was set: 10 seconds for 1 sample and total 40 samples
was recorded for 1 set of experiment. After setting the
APS, the printing was started by click the "print" button
of the word processing program, the configuration of
printer was set: best printing quality with highest dpi. 9
sets of experiments were carried out: 0.1 % lactose
Figure 13 - Sample
solution with 10, 20 and 30 psi of compressed air and
page for control
repeat the experiment with 0.5% and 1% lactose
solution. After each experiment, the printhead was
washed with deionized water and coated with parafilm.

3.2.2 Dried particles collection
Preparation was the same as measuring size distribution. The only difference
is the setup of the system. The adaptor and the filter holder were included in the
system. The L-shaped sampling was not connected for the whole experiment, it was
inserted at different time interval (5 minutes for one interval) for monitoring the
generation of particles instead. A 47mm Teflon filter with If.!m pore size was put into
the filter holder. A pump was cOlmected to the filter holder to provide a suction force
for collection, it was turned on simultaneously when the printing was started. The
flow rate of the pump was monitored by a bubble flow meter and adjusted by turning
the valve in the pump so that the outlet flowrate is a bit larger than the inlet flow rate.
In order to collect enough particles for analysis, 2-hours printing was done. After
collecting for 2 hours, the filter paper was taken out and stored in a labeled 6cm petric
disc.

3.2.3 Preparation for scanning electron microscope
The collected dried particles were stored in an oven with 60°C overnight. The
dried particles were attached to the stage using the carbon double side sticker. The
10

carbon sticker was first stick to the stage, the plastic protective layer facing upwards
was peeled off and the filter paper containing dried patticle was pressed on the carbon
stick using a forceps. Then the sample was coated with gold and bought to the
scanning electron microscope. By adjusting the X, Y coordinates and focus, images
were taken.

3.2.4 Preparation for measuring viscosity of lactose solution
The viscosity of the lactose solution was measured by a rheometer with SOmm
parallel plates. The lactose solution was added on the bottom stage using a syringe
until the whole plate was filled with solution. The upper plate was lowered to the
required gap length. The viscosity can then be measured by the rheometer.

Chapter 4 Discussion
4.1 Experimental Result

4.1.1Particle Size and Size Distribution
-
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The size and size distribution of the dried particle were represented in mean
and geometric standard deviations (GSD) which were shown in the following table:
Residence time (s)

1.79
2.56
3.45

Mean size (11m)
1%
0.5%
O.l%
lactose lactose lactose
7.08
8.58
2.49
2.28
5.33
5.l7
4.51
1.47
4.43

0.1%
lactose
1.19-1.31
1.22-1.29
1.23-1.30

GSD
0.5%
lactose
1.22-1.42
1.16-1.56
1.20-1.95

1% lactose
1.18-1.71
1.25-1.37
1.26-1.63

The percentage of particle in the range of one to five micrometer at different
feed concentration and residence time are shown below:

10psi
92.39%

I
I

0.10%
20psi
98.95%

I 30psi
I 98.86%

10J~si

65.14%

0.50%
20psi
26.20%

30psi
60.22%

10psi
65.l4%

1%
20psi
39.97%

I 30psi
I 25.64%

4.1.1.1 Description of Aerodynamic particle size results
For O.l % lactose with 10psi inlet compressed air pressure, it showed that there
were two peaks: a large peak at 1.486um with 453 counts and a small peak at
2.288um with 42.7 counts. The mean size of the particles was 1.47um. There were
92.39% of dried lactose particles within the range of 1.0-5.0um.
For 0.1 % lactose with 20psi inlet compressed air pressure, it showed that there
were three peaks: a large peak at 2.458 with 476 counts and two small peaks at
1.715um with 90.4 counts and 3.051um with 46 counts respectively. The mean size of
the particles was 4.28um. There were 98.95% of dried lactose particles within the
range of 1.0-5.0um.
For 0.1 % lactose with 30psi inlet compressed air pressure, it showed that there
was only one peak: a peak at 2.642um with 586 counts. The mean size of the particles
was 2.49um. There were 98.86% of dried lactose particles within the range of 1.05.0um.
For 0.5% lactose with 10psi inlet compressed air pressure, it showed that there
were two peaks: a large peak at 4.371um with 348 counts and a small peak at
5.829um with 127 counts. The mean size of the particles was 4.43um. There were
65.14% of dried lactose particles within the range of 1.0-5.0um.
For 0.5% lactose with 20psi inlet compressed air pressure, it showed that there
were two peaks: a large peak at 5.423um with 610 counts and a small peak at
6.732um with 238 counts. The mean size of the particles was 5.17um. There were
26.20% of dried lactose particles within the range of 1.0-5.0um.
For 0.5% lactose with 30psi inlet compressed air pressure, it showed that there
were two peaks: a large peak at 4.698um with 1567 counts and a small peak at
6.732um with 591 counts. The mean size of the particles was 7.08um. There were
60.22% of dried lactose particles within the range of 1.0-5.0um.
For 1.0% lactose with 10psi inlet compressed air pressure, it showed that there were
two peaks: a large peak at 4.371 urn with 197 counts and a small peak at 5. 829um with
105 counts. The mean size of the particles was 4.51um. There were 65.14% of dried
lactose particles within the range of 1.0-5.0um.
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For 1.0% lactose with 20psi inlet compressed air pressure, it showed that there
were two peaks: a large peak at 6.264um with 197 counts and a small peak at
4.068um with 330 counts. The mean size of the particles was 5.33um. There were
39.97% of dried lactose particles within the range of 1.0-5.0um.
For 1.0% lactose with 30psi inlet compressed air pressure, it showed that there
only one peak: a peak at 5.829um with 922 counts. The mean size of the particles was
8.58um. There were 25.64% of dried lactose paliicles within the range of 1.0-5.0um.
All size distributions of the dried lactose powder were quite narrow with small
values ofGSD ranging from 1.16 to 1.95.

4.1.1.2 Effect of residence time on the particle size
Varying the pressure of the inlet compressed air by a valve controlled the
drying time of the droplets generated from the printhead. Three magnitude of inlet gas
pressure were used. They are 10psi, 20psi and 30psi respectively. The flow rate at the
inlet and outlet of the drying tube were measured at different inlet pressures and was
presented in the following table:
Inlet pressure
(psi)
10
20
30

Inlet flowrate
(m/s)
0.28
0.38
0.55

Outlet flowrate
(rn/s)
0.30
0.40
0.57

Average
floWl'ate (m/s)
0.29
0.39
0.56

Residence
time (s)
3.45
2.56
1.79

The following graphs show the effect of variations of residence times in the
drying tube and lactose concentrations on particle sizes.

Effect of residence time on mean size
10
~ 8

8;:l

----.- 0.1 % lactose

. N.-;

---- 0.5 % lactose
--.tr-- 1% lactose

~6
C/J

q
CIj

4

Q)

8 2
0
0

1

234

residence time (s)

Figure 14 -mean size with different residence times and feed concentrations

Theoretically speaking, the particle size will decrease with longer drying time
for the evaporation of water in the droplets generated from the printhead. As expected,
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the mean size of the dried particles generally decreases with increasing residence time.
For 0.1 % lactose, the mean size drops steadily with increasing residence time. The
effect of residence time on the mean size for 0.5% lactose and 1% lactose was similar:
The mean size drops relatively rapidly when residence time was increased from 1.79s
to 2.56s. When residence time further increased to 3.45s, the mean size of both 0.5%
and 1% lactose continues to drop but less rapidly. A possible reason for this
phenomenon is that the drying time needed for smaller concentration lactose is shorter
because of higher water content of the droplets, and therefore can maintain a steeper
water concentration gradient between the droplets and the compressed air during
drying. In other words, 0.1 % lactose dried almost completely at short residence time
so further increase in residence time has little effect on the shrinkage of its mean size.

4.1.1.2 Effect of feed concentration on the particle size
One of the reasons affects the size distribution of the powder collect is the
concentration. According to the data collected, for every single flow velocity, the
mean size of the powder collected generally increased with the concentration. The
printhead generated droplets with nearly the same size. If higher concentration
solution was used, the amount of the water per droplet will be smaller. After drying,
larger amount of lactose was remained for higher feed concentration, which
contributes to larger particle size.

4.1.2 Morphology
Here is the photo of SEM of the particle collected:
The particles collected are irregular in shape with a relatively smooth surface.

Fig 16 - SEM figure of dried particle using 0.1 %lactose solution
There are two major concern of the powder morphology.
1) Specific surface area, and
2) Surface roughness
These two factors will affect the flowability and aggregation of the dried particles.
Particles with higher degree of specific surface area and roughness have a high free
energy. They tend to aggregates together in order to stabilize themselves.
About the flowability, a smoother surface will result a higher flowability. [12]
A conclusion can be made that the powders we collected have a low tendency of
aggregation and a satisfactory flow properties.
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4.1.3 Comparison between ink jet and spray drying
4.2 Problem encountered and possible solutions

4.2.1 Clogging
Clogging mean the solid particle aggregates and block the passage of nozzle
on the printhead. Clogging not only mean the fully blockage of printhead, but also
partially blockage. Fully blockage will cause the failure of ejection of the droplet from
the printhead. Partially blockage will reduce the amount of the droplets generated.
Blockage may also buildup the vapor pressure inside the printhead. Once the
piezoelectric materials deform, the pressure exited will damage the piezoelectric
material.
Besides, the model that we used, Epson C45, have a relatively smaller nozzle
size, though a higher resolution will be obtained, it increase the ease of clogging.
Infrequent use of the nozzle of the printhead may also cause the build up of clog.
There are several method can be utilized to prevent and improve the clogging
condition. Always choose the high resolution and "photo quality" to ensure all the
nozzles are used. The printer should not be left without arrinstalled cartridge, even an
empty one, for more than half an hour. [13]Solutions with lower concentration are
used in order to lower the chance of blockage. The printhead should be stored under a
condition with a higher % Relative humidity, 100% is suggested, or be covered by
parafilm. Ifunfortunately, the printhead was blocked, suitable solvent e.g. distilled
water, can be used to wash the printhead by using a syringe.

4.2.2 Viscosity
Epson start to use piezoelectric bend mode printing technology in 1997. The
advantages of these Epson heads are that they form very accurate circular droplets,
and they allow mass production and have low cost. However, the disadvantage lies in
their delicate multi-layer piezo louvers which can only tolerate extremely low
viscosity inks of smaller than 3 cP[I]. This disadvantage has posted limitation for the
range of concentration of the feed solution. Water has a viscosity of 1.0020 cP at 20°c
(1 cP = 0.001 Pa's = 1 mPa·s)[2]. Viscosity of the lactose solution increases with its
concentration. The table below shows the viscosity of water and lactose solution with
different concentration:
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Lactose: Viscosity vs Concentration
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Figure 17 - the relationship between viscosity and concentration for lactose
The piezoelectric bend mode printing technology is tailored designed for the
printing purpose. To allow for wider range of feed solution concentration, further
work on designing the piezoelectric printhead configuration and orientation has to be
investigated.

4.2.35atellite Formation
The satellite formation is related to the ratio Re/--JWe, where
Re = vrp/11
We = v2rp/(J
Therefore Re/--JWe = --J(Jpr/11, where p: solution density
11: viscosity
(J: surface tension
When this ratio is too low, viscous forces are dominant that implies large
pressure for ejection; inversely, if this ratio is too high a continuous column is ejected
that can lead to the formation of satellite drops behind the main drop. [14]

1

•

Figure 15 - The formation of satellite drop [14]
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Chapter 5 Further Development
The direction of research and development of piezoelectric ink jet printing is
the potential of mass production. The total powder collected in 45 minutes of by using
0.1 % lactose solution is 7.000 /lg, i.e. throughput is equal to 9.333 /lg/hr. This value is
far from the desired one of mass production.
In order to attain the mass production of the dmg powder, the scale up of the
printhead is the essential concern. On the account of this, we need to look deeply into
the working principle of ink jet printing.
The successful ejection of the droplets from the printhead require the pressure
generation by the piezoelectric convet1 to the kinetic energy of the droplets. The
pressure generated can be represented by the following equation:

p

= 8hU
3

[15]

d

where h is the thickness of the piezo material, U is the applied voltage and d is the
diameter of the piezo disk.
The core of the Ink-jet printing, undoubtedly, is the piezoelectric material.
There are several mode of piezoelectric operation: 1) shear mode, 2) bend mode, 3)
push-piston mode, and 4) squeeze tube. [16]
The model of printer we used is
mnning the bend mode. However, the
CrystalJet " Coupled "
delicate multi-layer piezo louvers
Piezoelectric DOD Ink Jet
which can only tolerate extremely low
viscosity solution samller than 3 cP. In
01
Electric
PZT Pie~o --~!LO"-~POliirililti
FI Gld
dmg production process, a high initial
CGramic --=-=---2fl-.. pushe-s ink
:;/ out of
concentration of the dmg solution will
Ink . /
nozzle
Chann GI
be used with a relatively high viscosity.
Therefore, this limitation will hinder
the further development or scale up of
the production process.
Among four type of operation
mode, shear mode can generate droplet
with higher range of viscosity, 20-25
cpo However, due to the exposure of
electrode to the solution, it is not
suitable for the production aqueous
Figure 17 - stmcture of coupled mode
base dmg solution. [16]
piezo operation [16]
Base on the advantages on
bend and shear mode, a hybrid type, or coupled type of mode is produced. The
stmcture of it is showed at Fig. 1. The electrode is separated from the ink which is
different to shear mode. Not only a wider range of viscosity can be used, but also have
a faster processing speed [16]. Tllis mode is favored to the mass production of the
dmg.
One of the major concerns is the throughput speed. The time it takes to refill
the ink chamber is the primary factor limiting the speed of a piezoelectric printhead.
Another is fatigue of piezoelectric material under prolonged printing. Indeed, there
are several type of piezoelectric materials can be used, the one used in ink jet printer
is Lead zirconate titanate (PZT) is a ceramic material made of lead (Pb), oxygen (0)
and titanium (Ti) or zirconium (Zr).
There is a phenomenon called time-dependent deterioration of displacement,
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and this will cause the failure of the piezoelectric.
The durability of the piezoelectric can be improved by adjusting the composition of
the piezoelectric materials. Here listed several method [17]
(1)

The PZT composition with 0.2 mol% manganese addition exhibited the lowest
decrease in displacement.

(2)

fucrease the mol% of zirconium from 54% to 54.2%.

(3)

The composition with 0.9 mol% antimony addition had a current leakage of 16
rnA, 50% lower than that of the basic composition with 1 mol% antimony
addition.

(4)

Two compositions, Mnlln (Indium) 5/25 and MnlIn 15/5, exhibited little
change in displacement and within a wider temperature range, than did the
compositions without MnJIn addition.

By improving the durability, the piezoelectric material can work for a long
period of time without failure. So, it will be more suitable for the mass production of
the pulmonary drug.
It seem that a newly design piezoelectric ink jet design is a possible solution to
achieve mass production. The new design, besides operation mode and composition
of the piezoelectric material, the nozzle is also the concern of the design factor. Since
the nozzle size will also directly affect the size of particle generated. Larger the
nozzle size, larger the size of particle generated.
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Chapter 6 Conclusion
The piezoelectric ink jet printing technology is a potential alternative of the
conventio1lll1 spray drying for the production of pulmonary drugs. The size range of
pulmonary drug is the major concern. There are two factors that affected the size of
the particles collected-feed concentration and the residence time in the drier.
According to the results, the size distribution of 0.1 % lactose solution is almost
entirely fitted into our desired range, over 90% of the particle collected fell in the
desired size range which is the respirable size range of pulmonary drug. When a
higher concentration of lactose solution was used, the size distribution shifts to larger
one. While for effect on residence time, the longer the residence time, the smaller the
dried particles can be collected.
Clogging is the main problems of the piezoelectric printhead. Several
precautions should be taken to prevent it from occuring such as do not infrequent use
of the printhead, keep the printhead in a wet environment after use. If, unfortunately,
blockage is occurred, we can wash the printhead carefully by suitable solvent.
In order to create a new method for mass production of pulmonary drug, a
newly designed printehead is a possible way. The coupled mode of operation of
printhead is suggested since it has the advantage to deal with the viscosity problem.
The nozzle size and the composition of the piezoelectric material should also be
considered in order to improve the particle size range and piezoelectric material's
durability performance respectively.
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