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Chapter 1

Introduction

1.1 Introduction

The purpose of this research was to design and fabricate a prototype of an in-vivo blood
flow meter to measure blood velocity, using recently developed silicon microfabrication
technology. The possibility of approaching this problem with the ~.ools of miniature movi~tg
parts is novel because of the rapidity of recent developments in micromachining of silicon.
[1,2,3.4.5,6,7] An envisaged application of this sensor is to monitor arteria.l blood velocity
in vivo. and to determine the efl%acy of balloon catheterization (angioplasty) or other
met, hods of de-blocking clogged arteries. This study investigated procedures to utilize
micromachining technology to fabricate an indwelling arterial blood flow meter.

1.2 Motivation for a Micromachined Rotor

Using micromachining techniques, it is possible to fabricate moving parts that are pinned
to the silicon substrate. One of the benefits of this technology is that microdyl-~amical
systems are fully assembled after fa]~rication. This means that the final mechanical system
can be fabricated simply by using an appropriate sequence of thin film laver depositions
and photolithographic etches. This sequence avoids the need for micromanipulation and
assemblage of very small parts. Another advantage of micromachining techniques is that
they can be combined with integrated circuitry on the same chip; making inexpensive
mass-produced circuitry with micromachines %a.sible.

The potential for applying this new t, echnology in medical and surgical equipment~ and
in scientific instrumentation~ is very enticing. If a process could be developed out for
making blood flow meters, it would be possible to construct inexpensive devices that could
be of great medical importance. There is a real need for a transducer that can measure
flow directly to assess arterial stenosis before and after angioplasty.

The revolutionary changes occurring in the field of microdynamics have still not achieved
their potential. A whole new micro scaled world now can be accessed due to new techniques
for making moving parts. [7] As of yet, there are few proposed applications for the new
~echnology~ and a successful one would give an impetus to this exciting field. This thesis
shows that fabricating a reliable blood fiow meter using this new ~echnology is feasible.



1.3 Current Status of NIicromachining Technology

The field of micromachining owes lnUCh of its rapid development~ t.o fabrication processes
which were developed for the integrated circuit industry. The sophistication and the mat-
uration of integrated circuit techniques however are also a hindrance, because they have
entrenched the laboratory equipment into a planar process without much latitude for appli-
cation to three dimensional structures. To build micromechanical s~ructures, very similar
process st.eps are used. The micromecha.nical structures built so far use the same equip-
ment for depositing films and for performing photolithography to etch them, but there is
room for considerable improvement if micromachines are to be applied more widel)~.

All of the applications of m~cromachining technology have been limited to microdynam-
ical structures fixed to the substrate. The applications include useful actuators ,~;uch as
resonant microbridge vapor sensors, cantilever based acce]erometers, and pressure trans-
ducers t.hat employ micromachined diaphragms.

For example, a solid-state pressure sensor for a cardiovascular cathet.er has beon fab-
ricated, and lends important support to the feasibility of this thesis. The pressure sensor
works by using t.wo micromachined silicon diaphragms measuring 290x550 um~, separated
by a 5 cm distance. By measuring the pressure on both diaphragms at various locations
in the coronary arteries, a pressure gradient within the coronary arteries can be deter-
mined. This technique has been applied in evaluating lmman cardiac blood flow. l~[a.ny of
the packaging techniques including connecting electrical wire leads through the catheter
sheath to external circuitry can be extrapolated to this project. [$]

The pioneers of silicon micron~a.chining have been scientists at the University of Cal-
ifornia, a.t Berkeley. Massachusetts Institute of Technology, and at AT~T Bell La.])s. All
three groups have successfully fabricat.ed electrostatic motors using silicon micromachining
technology. Micromechanical logic,, manipulators, gears, springs, and mmly other projects
are ongoing. Although the preliminary technological feats were impressive and necessary
for the development, of microdynamics as a field, the goal of the project undertaken is one
of the first proposed applications of this new t.echnology, as opposed to purely theoretically
oriented work. However. the basis of the applications will be shown to be theoretically
valid in all respects.

1.4 Present Methods of Assessing Coronary Angio-
plasty

Angioplasty is a surgical technique for reversing arterial stenosis, and is an important
alternative to more traditional methods such as bypass surgery. Arterial stenosis is the
occlusion of an artery, and is caused by plaque build-up on the arterial walls. In angioplasty,
a deflated balloon on the end of a guide wire is inserted into the stenosed area. of an artery,
and the balloon is inflated in the clogged area. The result is a stretched artery, that should
allow blood to flow more freely. [9,10]

After angioplasty has been employed in the coronary arteries of the heart, a number
of indirect, methods can be used to measure the success of the reduction of arterial oc-



clusion, lkfeasurement of blood pressure distal to the occlusion, using Doppler ultrasound
techniques for velocity measurement~ a mercury strain gauge for measuring local pressure,
or photoelectric devices give feedback about flow rate of a. vessel have all been applied.
However, none of these provides fully satisfactory results. Measurement of luminal st.enosis
with a.n angiographic assessment has low precision and high observer variability, air.hough
it is the t.echnique most widely used. The a.ppearm~ce of post-angioplasty regions can be
misleading with a.n angiograph because the arterial lumen may be distorted in various
ways. [11] Direct., quantitative measurement of blood velocity, or of the pressure drop in
the post-agioplastic region of the artery would be beneficial to the evaluation of arterial
occlusions a.nd the effect of angiopla.sty.

Another approach under active pursuit is the development a flow sensor that. employs a
temperature gradient sensing method. The ma.jor drawback with this method, however, is
the non-negligible thermal time-constant. Using a micromechanical approach and sensing
the rotation rate of a rotor would have a smaller time constant; and should be a. more
accurate st.ra.tegy.

1.5 Project Overview

Two prototype micro-blood flow sensors were designed and fabricated out of polysilicon.
Both sensors incorporat.ed a. rotor with a diaineter of 300 #m. The first had flow channel
walls to guide the fluid across the rotor bla.de~ causing a velocity ~ra.dient which is necessary
to make the rotor turn. The other sensor had a semicircular cap covering half the’ rotor,
causing asymmetrical forces on the rotor. The first prototype blood flow sensor was tested
in air, wa.ter, and blood. Its rotation rate was calibrated as a fhnction of medium velocity
in both air and water. There were three major phases in the development of the prototype:

¯ Design of both Devices and Process Parameters

¯ Fabrication

¯ Testing and Calibration

The experimental designs were based on several theoretical considerations.
First, a theoretical analysis of a method of rotation detection employing the magne-

toresistive effect, was made. The feasibility of such a.n approach can be demon:strafed
theoretically. It will also be shown that the response of the flna.1 output signal is more
than adequate for detection with minor external or integrated sensing circuitry.

Reynolds’ number, and some basic fluid dynamic calculations were also determined to
locate the regime of flow (either turbulent or laminar) and the mechanisms by which the
rotor turns. The torque due to the shear stress on the top of a blade, and the equivalent.
pressure drop needed to obtain an equivalent torque were also calculated.

During the construction of the prototype flow meter, we encountered significant, stress
in the polysilicon layers. A brief section considers the theoretical sources of the st.tess, a
set of test structures to determine stress in the polysilicon layers, and a method of reducing
stress through an annealing process.



Several obstacles had to be overcome during the construction of our prototype a.rt.eria.1
blood flow meter. These were challenges in all three phases of the process~ and a nxixture
of trial and error, intuit, ion~ and insight, were mustered to test. and calibrate these devices.

1.6 Organization of Thesis

The body of the thesis is divided into six chapters. These are design, processing, stress
studies, flow experilnen~s, magnetic mea.suremeni, and future work. The appendix has

three sections. The Appendix A is an investigation into the fluid dynamics of ~he mi-
crosystem. Appendix B and Appendix C list the ma,chines and materials used in the
prototype sensor fabrication.
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Chapter 2

Design

I
I

I
I.

I

I

The goal of the project was to fabricate a polysilicon prototype of an in-vivo arterial blood
flow meter. A device that would function correctly as a flow meter, and that could be fa.b-
ricated using standard photolithographic techniques, was needed. For reasons discussed
earlier the implenaentation was going to involve new micromachining technology. A fab-
rication run initially was undertaken to debug the fabrication process. The goal was t,o
perform a. theoretical analysis of the microdvnanaical system and at the same time develop
processing techniques that could be applied to an?" reasona.ble design.

The first design included a polysilicon rotor with a diameter of 300 #m. having flow
channel wa.lls to direct the flow of fluid. The flow channel walls were to give sufficient
asymmetry of the flow to produce a. velocity gradient great enough to make the rotor turn
in one direction. To keep the rotor fixed t.o the substrate, but to allow it to rotate, e center
shaft and hub were designed using techniques published previously[5].

A small flaw in the first design probably caused the first two polysilicon ]ayers to
together. The gap between the shaft and the center ring was chosen to be 3 t~m a.t first,
but due to unavoidable misalignment and undercutting this distance turned out to be too
small a margin of error. The 3/~m gap may have left a st.ep in the profile that the second
oxide couldn’t cover sufficiently. The reason for this choice of a small center gap was to
keep the rot, or from shifting laterally after its release by the sacrificial etch. Dr. Mehran
Mehrigany showed that the rotor could not shift even with a much larger gap (such as
10/~m) because the second polysilicon layer would conform to the contour of the second
silicon dioxide layer [12].

The second design which was tried was essentially the same a.s the first, except for using
gap of 10 ~m~ between t.he rotor and the shaft. This change gave favorable results.

After doing a theoretical analysis of the fluid dynamics responsible for the rotation, it
was shown that the mechanism responsible for rotation was the viscous drag on ~he top
surface of the rotor, and not the pressure drop across the widths of the blade. Incorporating
these theoretical results into the third fabrication process, a cap over half the rotor was
designed. By having half the rotor covered, the necessary asymmetry of the forces on the
rotor was created to produce rotation during flow.
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Chapter 3

Process
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3.1 Introduction

The process of building the micromechanical rotor structure followed the process described
by Long-Shen Fan et. al. %r micromachining detachable moving parts using exist.ing silicon
technology.[5] The technique is a. novel addition to the use of planar integrated circ~t~t
fabrication tecim~ques, because for the first ~ime it is possible to have detachable :movin~
parts that can be integrated with electronics on a micro-scale. The ha.sis for fa.brica~ion
of movable parts is the use of sacrificial layers float act a.s spacers between the moving
parts~ and of layers to keep moving parts attached to the wafer~ during fabrica.tion. The
fabrication, used in this project, deviated from past me~hods in that only we~ chemical
etches were employed~ making micromachined technology more economical.

A series of wa%r cross sections illustrating the process of building the fina.1 structure
with a polysilicon cap are shown in this chapter. The process described deviates from the
first design described in which the flow channel walls are defined in second polysilicon layer,
a.nd there are two additional mask layers used to fabricate ~he cap. In the first process with
the flow channel walls, a sacrificial etch was per%rmed after the second polysilicon layer
was patterned. In the second process another layer of oxide was deposited on top of the
second polysilicon la.~’er as a spacer between the third and second polysilicon layers. Next

another laver of polysilicon was deposited and pa.tterned as the cap. Finally a sacrificial
e~,ch was performed to wash awa.y the oxide layers, thereby freeing the polysilico~ rotor.

3.2 Mask Fabrication

To implement the design on a microscale~ it was necessary to fabricate a mask ( a pho-
tographic image on a glass plate for use in photolithograpy). The mask-making process
coi~sisted of three steps. The first was to cut the patterns desired on the final mask out
of rubylithe: which is a red film laminated on an acetate film. It is possible to selectlvely
remove portions of the red film and leave a pattern on the acetate f-ilm. The size of the
patterns on the rubylithe are actually 160~000 times larger than those on the final mask.
The second step was to create a reticle by photographically reducing by 1600 times the
rubylithe pattern onto a 2’~ x 2" glass plate. The pattern on the reticle is the negative of
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the rubylithe. The third step ~vas to create the mask. This was done by using a step-and-
repeat camera and reducing the image by another factor of 100 onto a 2.5’~ x 2.5" glass
plate. The image is actually repeated many time on the mask plate. (It is possible to
make about one hundred images on the mask plate).

-I-

Figure 3.1: Mask Used for Second Process

I
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3.3 The Phases of the Rotor Construction

First, 2/m~ of silicon dioxide (SiO~) was deposited on a fresh silicon wafer, of 100 crysta.l-
lographic orientation, using a. plasma deposition syst.em, as shown in Figure 3.2.

1st Oxide

Substrate

Figure 3.2: Wafer with Silicon Dioxide

Next, the first oxide was partially etched to create the contact area between the rot.or
and the silicon substrat.e. During tl~is process the center region of the oxide also was
etched. This will eventually define a conformal bearing between the polysilicon cap and
the rotor. This self aligning process was described by Mehrigany [12]. The wafer after the
first oxide etch is shown in Figure 3.3. Figures are not to scale: actual aspect ratio of rotor
width to thickness is 150 : 1.

I
I

I
I

I
I

1st Oxide

Substrate

Figure 3.3: Wafer after the First Oxide Etch
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Next, a 2/tin layer of polysilicon was deposited over the entire wafer using a low pressure
chemical vapor deposition system (LPCVD). This layer wa.s subsequently patter~ed into
the rotor, using the second mask process. The wafer after the first, polysilicon etch is shown
in Figure 3.4.

1st Poly
I st oxide

_______J -

Substrate

Figure 3.4: \Valet after the First Poly Etch

After the first polysilicon etch, a second layer of oxide 1 /~m thick was deposit(~d. The
oxide was then etched to the substrate using the third mask. t.o create a hole for the
hub/cap of the rotor, and also to clear the field (background) of oxide. It. was imperative
that the center hole was oxide free to assure adhesion of the hub. in the next step. The
wafer after the second oxide etch is shown in Figure 3.5.

I st Poly 2nd Oxide

Substrate

Figure 3.5: Wafer after the Second Oxide Etch

The next step was to deposit a 2 /~m layer of polysilicon, again using the LPCVD
system. After this deposition, the second polysilicon layer was etched into the hub and
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