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Abstract

Application of MEMS (Micro Electrical Mechanical Systems) for medical treatment, such as Drug Delivery
Systems (DDS) and so on, has reported and fabricated. However, most of the systems include micro pump is
driven by electricity and with control circuit to deliver drugs. In this paper, the authors developed an energy-free
DDS which bases on oxidative expansion of Fe powder for transdermal dispensing of drug. The influential factors
on oxidative expansion were investigated by using various kinds of Fe powders, and a prototype of micro pump
was fabricated using molding of polymer. The results show that it is important to prevent aggregation and increase
fluidity of Fe powder during the oxidation, and Fe powder mixed with lubricant powder of 1.0 wet % has good
condition of aggregation-proof during oxidative expansion. The micro pump can pumping liquid with flow rate of
0.8 pl /min under the backpressure of 5 kPa

Key words: Micro pump, Fe, powder, Oxidative expansion, Drug Delivery Systems

1. Introduction

Application of MEMS (Micro Electrical Mechanical .
Systems) for medical treatment, such as bio-chips, 2.1 Materials
Drug Delivery Systems (DDS) and so on, has paid

high attention in these decades. The demand of As described previously, Fe powders are suitable

easy medical treatment at home is increasing in for transdermal dispensing of drug. Oxidative
Japan and other aged societies . Transdermal expansion of Fe powders can expand about 2 to 3
dispensing of drug by using DDS can meet this kind times larger than its original size. This oxidative
of demands. Several DDS have been developed reaction is defined by the following equation.

and commerﬁ%aliaed by using I\:IEhMSDEf)aSbricalltign 4Fe + 30, — 2Fe,0, N
technologies **. However, most of the include 3 3

micro pump driven by electricity with control circuit Fe+ 702 +3H,0 - Fe(OH); )

To understand the oxidation phenomena, influential
factors, such as moisture and oxygen concentration,
a Fe oxidation experiment with controlled
atmosphere was performed. Particle size of

to deliver drugs. As a result, the systems need
battery, electrical circuit and the structure could be
complicated and cost high. On the other hand, a
skin-contact-actuated micro pump for transdermal

drug delivery applications was reported.! It has not distribution of Fe powder used is showed in Table1.
battery, control circuit and complicated structure.
However, it needs external force, such as pressed Table 1 Particle size distribution of Fe powder

by finger, to deliver the drug. . . . o o
In this study, we attempt to develop a micro pump Radius(um) Particle size distribution (wt%)
without any external energy used as a DDS for 180-150 5
transdermal dispensing of drugs. The oxidative 106-150 16
expansion of Fe powder was used as driving force
to deliver drugs since Fe powder is very low cost 106-75 23
material. It could expand its volume to 2 to 3 time 75-63 13
larger due to its oxidation and its oxidation reaction
occurs in long duration time which is suitable for 63-45 15
transdermal dispensing of drug. In this paper, we 45> 28
investigated influential factors on oxidative
expansion using various kinds of Fe powders, and
fabricated a prototype of micro pump using molding 2.2 Evaluation of Fe oxidation
of polymer.  Furthermore, properties of the micro
pump, such as flow rate, and its back pressure
dependency, was evaluated experimentally.

In order to observe oxidative process, Fe
powder is oxidized in a vacuum chamber in Ar
atmosphere with controlled flow rate of water vapor

2. Evaluation of oxidative expansion of Fe and O. The experimental apparatus is shown in

powders
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Figure 1. Figure.1 (a) shows the photo image. The
Fe oxidation proceeds in a vacuum chamber with
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controlled atmosphere and temperature. Figure1
(b) shows the configuration of the equipment and
flow of controlled gases. O gas is provided to the
chamber with Ar gas as carrier. Vaporized HO is
provided with these gases. Table2 shows the
condition of this experiment. The grains of Fe
powder was observed and analyzed before and
after the oxidation by SEM with EDX, and the
result is shown in figure2.

(= T
(b) Configuration and flow of controlled gas

Figure 1 Experimental apparatus for evaluation of
Fe oxidation

Table 2 Experiment condition of controlled gasses

lubricant [wt%] 1.0
hour[min] 120
gass flow O, , Ar [sccm] 0.5, 0.05
heating temperture[°C] 80
Volume of H,O [ml] 100
(A) SEM
Before After

Figure 2 (A) is picture of SEM observed before and after,
(B) is picture of EDX analyzed result of Fe and O .

A grain of Fe is indicated by red dot line. It could be
found that grain size was bigger due to oxidative
expansion in comparison of before and after
oxidation. Meanwhile, a bridge-like structure
between the grains could be observed which is
indicated by yellow dot line. It means that Fe grains
could aggregate during the oxidation. It can be

292 Guido Tosello, Hans Nergaard Hansen, Kornel Ehmann and Stefan Dimov (Eds.)

confirmed that the bridge-like structure contains
both rich Fe and O from the EDX analysis result

We found that Fe powders in several ten microns
can expand their size with O, and Vaporized H:O.
However, the aggregation could occur because of
its high activity of chemical reaction due to the
larger specific surface area during the oxidation
evolution. The expansion could be disturbed due to
the aggregation because of reduction of the specific
surface due to growth of grain size as shown in
Figure.3. Furthermore, the expansion could not be
effectively applied to pumping liquid in the desired
direction due to the aggregation as shown in Figure.
4 Therefore, it is important to prevent aggregation
and to increase fluidity. In this study, we add stearic
acid powder as lubricant in Fe powders in order to
prevent the aggregation and improve the fluidity
during the oxidation evolution, and design a 3-
dimensional container for the Fe powder to improve
the pumping properties..

Fe f FEZO3
Oxidation

Figure 3 Aggregated Fe powders cause reduction of
the specific surface and inside of Fe powders cannot
oxidize.

Membrane r

Figure 4 Fe powders without fluidity could not be
effectively expansion to pumping liquid in the desired
direction due to the aggregation.

3. Fabrication of micro pump
3.1 Design of device

We designed a micro pump by use Fe powders for
driving the pump. Figure 5 shows configuration of
the pump. The pump is made of polymer and
consists of two chambers, one is for containing Fe
powders and another is for liquid (Drug), and the
two chambers are separated by a thin membrane.
The membrane was designed to have a 3
dimensional structure with thin membrane in or der
to transfer oxidative expansion to pump liquid
efficiently. The size of membrane is 25 mm in
diameter and 4 mm in height. Thickness is 500 pym.
The chamber for Fe powders are covered by a
stainless mesh sheet with mesh size of 200 mm to
allow air and moisture flow through the mesh. A
tube with diameter of 1.6 mm is connected to the
liquid chamber to measure flow of the liquid driven
by Fe oxidative expansion. The volume of Fe



powder chamber is 2.0 ml.

Output
Fe pﬂvder\ ‘
5mm{ :

o

R

Figure 5 schematic of approaching micro pump
having a desired 3 dimensional membrane

3.2 fabrication process

The micro pump was fabricated by plastic molding.
The fabrication process is showed in figure 6. First,
two of the mold, upper mold and lower mold, made
of Chemicalwood, was fabricated by an endmill of 5
axis Machining Center. The fabricated molds are
shown Figure. 7. Thereby, A 10:1 mixture of
Polydimethysiloxane ( PDMS : Sylgard184 ® )
prepolymer and the curing agent is mixed . it is
molded in the molds at 65 °C for 3hour.
Consequently, The structure of PDMS having 3
dimensional membrane is fablicated bydetaching
from the molds . Lastly, it is bonded glass. After
fabrication and assembly, a capillary tube with inner
diameter of 1.6 mm and length of 1 m was
connected to the drug reservoir chamber in order to
measure the flow rate and backpressure.

The drug reservoir chamber was filled with dyed-
red water, and 2.0 ml of Fe powders were injected in
the Fe chamber. Prototype of micro pump filled by
Fe powders and dyed-red water was showed in
Figure 8.

End mill (®1mm)
Working

S

molding
~ Membrane (thickness 0.5mm)
Demolding

O Fe chamber\
Bonding 4™ R Glass

Output
O Fe powder. p

Chemicalwood

— e test soluti
Fe injected 5 mm$ e est solution
¢ 60 mm ;
Figure 6 Fabrication process of prototype of micro
pump

..

Figure 7 Two of the mold, (a) lower mold and
(b)upper mold, made of Chemicalwood

4. Evaluation of pump properties

4.1 Experiment condition to measure flow rate
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Figure 8 Prototype of micro pump filled by Fe
powders and dyed-red water

The Outline view of an experiment for measuring
flow rate of the pump is shown in Figure 9. The
chamber filled with Fe powder is covered by mesh
structure which exposed to air and moisture. A
weight is put on the mesh in order to lock and
prevents deflection the mesh from Fe powder
expansion.

The flow rate can be calculated by measure the
moved length of dyed water d per interval measure
time. In addition, capillary tube can be changed its
height between point of micro pump’s head and
point of outlet. Difference in height h causes back
pressure to micro pump. As a result, this experiment
can measure flow rate under backpressure.

This experiment used Fe powder with the lubricant
in different weight percentage to evaluate effect of
fluidity for output. The experimental condition is
shown in Table 3.

measure
Weight

Moisture !

AL
k\\\\\\\\\\\\\k\\\\}}\\‘

Figure 9 Outline view of experiments

Table 3 Conditions of experiments

Volume of Fe[ml] 2.0
(a)0.1
lublicant [wt%)] (b) 1.0
(c) 5.0
back pressure[kPa] 0,5, 10
temperture[°C] 24.0
moisture[%] 90

= (a) 0.1 W%
@ () 1.0W%
B (c)5.0wt%

Volume of output [ml]

3}
time(hour)

Figure10 Experiment result of output
4.2 Result and evaluation of flow rate

The oxidative process of Fe powder generally
takes a long time. To measure the output volume
of pumped dyed water, the moving length of dyed
water in the capillary tube was measure per hour.
The experiment was performed under the 0 kPa of
the backpressure. The results are illustrated in
Figure 10.
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The result showed all conditions have output
during about 9 hours or more. The maximum flow
rate is of case (b) in which Fe powders contain
lubricant in 1.0 wt % For the case of (a) with less
lubricant , the output volume is less than case (b)
maybe because the fluidity of case (a) is not as
good as case (b). On the contrary, the output
volume for case (c) is also less than the case (b).
The reason could be that too many additives
reduce the volume of FE, and as a result, the
output volume will be reduced accordingly.

*(2)0.1 Wt %

S

flow rate[pl/min]

o =N : %
"¢
HC;
o B
oo
B
S

0 5 10
back pressure[kPa]
Figure 11 Experiment result of flow rate under the
backpressure

The experiment for measuring the flow rate with
backpressures was performed and the results are
illustrated in Figure 11. The results show that the
maximum flow rate is the case (b). Lubiricant
condition of (a) can not output dyed-red-water under
the backpressure. Lubiricant condition of (b) and (c)
can pump the dyed water under the backpressure of
5 kPa. The flow rate was about 0.8 pl/min for the
condition of 5 kPa backpressure.

5. Discussions

Although, Fe powder including more lubricant is
guessed that (c) is the maximum flow rate because
of aggregation of Fe powder is prevented, previous
result showed the maximum flow rate and volume
of output is (b). In order to discuss the effect of
parameter of lubricant, the morphology of Fe grain
was observed to use SEM (Scanning Electron
Microscope) and EDX (Energy Dispersive X-ray
spectrometry). The morphology of grain before and
after the experiments under the backpressure of
5kPa is shown in figure 13 by SEM.

The case (a) shows that the Fe powders cohered
together because of little lubricant. The case (b)
and (c) shows no aggregation occurred between
Fe powders. It is reason that grain of Fe cannot slip
each other under the backpressure in the case (a),
as a result of aggregation in closed chamber. As a
results, the inside of Fe powder aggregated and
oxidation cannot proceed. But, excessive lubricant
will reduce the amount of Fe powders and the
oxidation expansion was relatively reduced
accordingly. Therefore, a proper additional volume
of lubiricant condition is important for inproving
pump flow rate..

This micro pump aims to use in realistic medical.
It requested specifications of subcutaneous
injection that is flow rate of 16.0 pl / min under the
backpressure of 10 kPa. Nevertheless, the
specification of this micro pump of flow rate was
0.8 pl /min under the backpressure of 5 kPa. The
reason is that the material used for prototype of
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X i : AT - .48
Figure 12 Morphology of grains before and after
experiments under the backpressure of 5kPa.

micro pump has low elastic modulus, and as a
result, it cannot transmit power of oxidative
expansion of Fe powder to pumping out liquid. To
transmit power of oxidative expansion by Fe
powder, We design feature to clamp prototype of
micro pump.

The prototype of micro pump with feature was
clamped in order to measure flow rate under the
backpressure of 10kPa and 20kPa. The results
indicated that flow rates of 8.18 uym/min under
backpressure of 10kPa, and 4.56 ym / min under
backpressure of 20kPa were obtained. As a result,
oxidative expansion of Fe powder has enough
power to drive pump for realistic condition with a
condition of stiffer structure for the device.
Furthermore, the pump should be fabricated with
microneedles for transdermal dispensing of drugs.

6. Conclusion

A micro pump without any external energy used as
a DDS for transdermal dispensing of drugs was
developed in this study. The oxidative expansion of
Fe powder was used as driving force to pumping
liquid. Influential factors on Oxidation of Fe powder
was investigated in controlled atmosphere
conditions. Beside of O2 and vaporized H20
atmosphere, additional lubricant powder in a proper
volume ratio is important to prevent aggregation and
to improve fluidity of Fe powders during the
oxidation. The micro pump using Fe powder for
driving source could get continuous output of
solution for a longtime under the backpressure of 5
kPa by oxidative expansion. The results show that
Fe powder has the potential to be a driving source
instead of electrical energy for micro pump.
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