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Like seedlings grow­
ing up through a steel 
grating in a Manhat­
tan sidewalk, nerve­
cell fibers-called 
processes--grow 
9ut through a silicon 
grillwork under which 
their parent nerve cell 
is imprisoned. (The 
grillwork's bars are 
about half a micron 
thick and four microns 
wide.) This nerve cell 
is one of 16 such cells 
arrayed on a silicon 
chip for a studY on 
how nerve cells com­
municate. The hopes 
are that the process­
es will connect with 
the chip's other nerve 
cells to form a func­
tioning .,etwork. The 
chip, grillwork and all, 
was built in Caltech's 
micromachining 
laboratory, which is 
making all sorts of 
tiny gadgets from 
silicon. For more on 
what the lab is up to, 
see the story begin­
ning on page 14. 













Right: Before satel· 
lites, oceanographers 
could draw only very 
simple diagrams of 
the circulation of the 
ocean's currents from . 
instruments Placed in 
the ocean itself. 
Far right: T.,e balance 
(called t"e geo· 
strop!1ic current) 
between the Coriolis 
force (from the earth's 
rotation) and the hori· 
zontal pressure 
created by an ocean 
current pushes the 
water up into a hump. 
A current's speed can 
be calculated from 
the sloPe of the hump, 
or, in other words, the 
shape of t!1e sea 
surface elevation. 

Rough seas some­
times have waves 
several meters 
high; how are you 
going to determine 
mean sea level of 
rough seas to 
within afew 
centimeters? 

From] Rud. J99LPrr<(l'nJ til 

be that the response to global warming is delayed 
because of the high heat capacity of the real 
ocean, but the kind of model that could incor­
porate this complexity doesn't yet exist. A major 
reason for the slow development of ocean models 
is the lack of adequate global observations. In 
the past we learned about the ocean from piece­
meal data taken from ships-ships that take 
months to cross the ocean at the speed of a bicy­
cle. And during this time the ocean is constantly 
changing. 

Using sparse data taken in different seasons, in 
different years, and with the radical assumption 
that the ocean doesn't change, oceanographers 
have been trying to draw ocean circulation dia­
grams for the past hundred years. An example is 
shown above. The resulting picture is inevitably 
distorted or much too smoothed out, but it has 
proven useful for a qualitatille climatological 
description. In fact, most of our knowledge of 
the ocean circulation has been obtained this way. 
But for a quantitdtit1e analysis of a very complex 
system like climate, it is totally inadequate. It 
can't come anywhere near the spatial scale of the 
infrared image of the sea surface temperature in 
the North Atlantic taken from space, shown on 
page 2. The temperature reflects the pattern of 
ocean currents to some extent; you can see the 
Gulf Stream and the eddies that surround it. 
Every week this current system changes. To 
resolve the ocean currents in both space and time, 
you would have to sample the ocean every 50 
kilometers. A rough calculation suggests that 
you would need 200,000 permanent stations in 
the ocean in order to do adequate sampling for 
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quantitative analysis. This is out of the question. 
Satellites turn out to be the only way to study the 
global ocean at the required resolution. 

But what can we observe about ocean currents 
from space? Although sea surface temperature is 
easy to detect using infrared sensors, the relation­
ship between this temperature and the currents is 
not straightforward. We need three-dimensional 
ocean currents to solve climate problems, but sea 
surface temperature doesn't reveal much informa­
tion about what's going on below the surface. So 
we use a radar altimeter to measure the shape of 
the sea surface. This approach is based on a 
simple principle that can be explained with an 
analogy to a cup of coffee. If you stir coffee in a 
cup, circularly, it will create a depression in the 
surface. Smart undergraduate physics students 
can calculate the velocity of the coffee everywhere 
in the cup just by looking at the shape of the 
surface, because there's a balance of forces be­
tween the pressure (caused by the depression in 
the surface) and the centrifugal force (caused by 
the circular velocity of the coffee). The only dif­
ference in the ocean is that the balance is between 
the pressure force (caused by the currents we want 
to measure) and the Coriolis force, a force that is 
exerted on every moving object in a rotating 
frame. If you roll a marble on the floor of a 
merry-go-round, for example, the marble cannot 
roll straight; it has to deflect either to the left or 
to the right, depending on which direction the 
merry-go-round is rotating. Similarly, in the 
rotating frame of the earth currents are deflected 
to the right in the northern hemisphere and to 

the left in the southern hemisphere until the 



TOPEXIPOSEIDON's 
radar altimeter 
bounces pulses off 
the sea surface, mea· 
suring the distance 
between the satellite 
and the sea surface. 
By subtracting that 
distance from the ra­
dial orbit height (the 
distance from the 
satellite to the earth's 
center) you can calcu­
late the sea level. 
Then the geoid (the 
Influence of gravity 
on sea level) has to 
be subtracted from 
the sea level to obtain 
ocean topography. To 
pick up a signal of a 
couple of inches, the 
satellite also has to 
compensate for water 
vapor, using a micro­
wave radiomete" and 
to establish Its own 
position in space 
within a couple of 
Inches, using Issers, 
the DORIS microwave 
system, and the 
global positioning 
system. 

Coriolis force is balanced by the pressure fotce. 
So the combination of the current's pressure 

and the Coriolis force pushes the sea up into a 
mound or a dip, and scientists can calculate the 
current 's speed from the mound's, or dip's, slope. 
This sea surface elevation is to oceanographers 
what air press ute is to meteorologists; a map of 
the sea surface elevation is the equivalent of a 
map of surface pressure. Just as from the lows 
and highs on the surface pressure charr , meteorol­
ogists can tell you the wind speed and direction, 
with a chatt of sea surface elevation oceanogra­
phers can tell you the speed and direction of 
ocean currents, not only at the surface, but at 
depths with the aid of a model, which I'll dis­
cuss later. 

Measuring the shape of the sea surface eleva­
tion from space is also based on a simple princi­
ple. A radar altimeter on the satellite sends radar 
pulses to the surface of the sea, which bounces the 
pulses back. We can measure the round-trip 
travel time of the pulse and calculate the distance 
between the radar and the sea surface. But what 
we really want to know is the elevation of the sea 
surface relative to the center of the earth, so we 
have to know the precise height of the satellite, 
called the radial orbit height. Then we subtract 
the distance we measured with the altimeter from 
the radial orbit height to get the sea level relative 
to the center of the earth. Ocean currents do not 
actually control the shape of the sea level. The 
most important force is the earth's gravity field: 
variations in gravity caused by uneven density 
distributions in the earth's crust create sea level 
changes of hundreds of meters in different partS 

of the ocean. The ocean currents deflect the sea 
surface from the gravity surface (which we call 
the geoid) by only two meters, or 1 percent of the 
total variation of the sea level. It's this 1 percent 
that we're looking at. Temporal changes in ocean 
currents, which is what we're realiy interested in, 
create a change of only 10 to 20 centimeters-lO 
percent of the total 1 percent signal. So, to mea­
sure global changes in ocean currents, we have to 
be able to measure the sea level to within a few 
centimeters, or a couple of inches. That's a 
challenge. Rough seas sometimes have waves 
several meters high; how are you going to deter­
mine the mean sea level of rough seas to within a 
few centimeters? 

In the early eighties twO groups of scientists 
and engineers (one from France and the other 
from the United States) believed this could be 
done. They eventually joined forces and 
proposed a mission called TOPEXIPOSElDON. 
TOPEX, fot "ocean tOpography experiment," was 
the original name of the U.S. mission; the French 
scientists named their mission after the Greek 
god of the sea. The two goverrunenrs approved 
the mission in 1987, and the satellite was , 
launched in 1992 by a French Ariane rocket. The 
satellite contains several instrument systems: one 
of them, the radar altimeter, sends pulses to mea­
sure the range to the sea surface. Because of the 
rough seas, it sends thousands of pulses every 
second to average out the wave effects. Tides, on 
the other hand, which move the sea surface up 
and down by about one meter, are quite easy to 

deal with, because the frequencies of the tides are 
well known. The satellite's orbit, which deter­
mines how the ocean is sampled in time, was 
planned so that the tides could be determined 
ptecisely by the satellite and removed from the 
signal. 

Many things interfere with this signal; for 
example, tbe free electrons in the upper atmo­
sphere and the water vapor in the lower atmo­
sphere slow it down. To correct for the first we 
send the pulses in twO radio frequencies. Because 
the delay is a function of frequency, if we com­
bine these twO frequency measurements, we can 
retrieve the signal's delay and make corrections 
for the eleerron effects. To correer for the second, 
a radiometer measures the total water vapor con­
tent of the atmosphere. Actually, only a tiny 
portion of the atmosphere has water vapor, but 
it's enough to slow down the signal and we have 
to correct for it. 

We also need to know where the satellite is in 
space to within a few centimeters. We have three 
systems to do that job. One is traditional laser 
range finding, which uses the round-trip travel 
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This map from TOPEXJ 
POSEIDON data repre­
sents the average 
relief of the ocean 
topography from 
September f 992 to 
September f 993. 
With the geoid (the 
large variation caused 
by gravity) removed, 
the variation covers a 
range of two meters, 
from the lowest 
(magenta and blue) 
near Antarctica, to 
the highest (red and 
pink) in the westem 
Pacific, which stands 
about half a meter 
higher than the 
Atlantic. The Pacific's 
larger size allows the 
winds room to raise 
the westem PacHic 
and create the 
highest sea surface 
elevation. Calculated 
currents are shown by 
the white arrows 
(each arrow Is about 
f 0 cm/sec). Gyres, 
the large recirculating 
cells in the westem 
ocean basins, are part 
of the permanent 
system of circula­
tion-the climatology 
of the ocean. 

time of light to determine the distance between 
the satellite and the laset station. A second sys­
tem, called DORIS, consists of an antenna that 
teceives microwave signals from a ground net­
work of beacons. From che change of che frequen­
cy due co che mocion of che sacellice (che Doppler 
effecc) you can decermine i[5 velocicy. The chird 
system is the global positioning system, which 
has many applications, including determining 
the position of tanks to within a few meters 
dueing che Persian Gulf war. Thac was good 
enough for the military, but we have to deter­
mine the center of mass of the satellite, which is 
about the size of a Greyhound bus, within about 
an inch. 

Sacellice radar alcimecry began wich SEASAT, 
launched by]PL in 1978. The unce[[aincy of 
SEASAT's radial orbit height was one meter, so it 
couldn'c resolve (nor could che sacellices chac fol­
lowed ic) che changing pace of che ocean's large­
scale signal, which is about 10-20 centimeters. 
Wich TOPEXfPOSEIDON we achieved a mea­
surement accuracy of better than five centimeters 
for the first time, and were able to resolve the 
changing sea surface elevation at even the largest 
scales. 

Every 10 days che sacellice makes measure­
ments along exactly the same ground track, so 
that we can compare one cycle's measurement 
wich che nexc and chen decermine precisely how 
the ocean changes with time. The moment we 
got oue ficsc map from che sacellice was very 
exciting; it was the first snapshot of the ocean's 
currents from space. No more waiting for 
monchs for a ship to cross the ocean just to collect 
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one single seeeion of the ocean. Now, in 10 days 
we could have it all. The amount of data con­
tained in one 10-day record is equivalent to all 
the daca collecced over che past 100 years. The 
map above shows, in false color, the relief of the 
ocean topography, which covers a range of two 
mecers. And every 10 days we get a map like 
chis. They all show basically similar feamres­
the semipermanent systems analogous to such 
features as the Aleutian low and the Siberian high 
in the atmosphere. The gyres, the large circulat­
ing systems of water on the western sides of the 
ocean basins, are permanent ocean systems, 
alchough cheir details change. 

When we remove the average elevation, as 
calculated from the first year's data, what is left is 
the temporal change. Then we average that for 
each season to get the deviation, or the change of 
the sea level from its mean, during the four dif­
ferent seasons. The scale here, in the maps at 
right, is no longer two meters, but ranges from 
minus 15 to plus 15 centimeters. It is these 
small changes in che ocean chac carry che signal 
for climate consequences. 

Sea level changes inherently wich the seasons. 
The highesc sea level occurs in che fall because ic 
cakes cime co heac che ocean. Afcer a whole sucn­
mer's heating of the sea surface, the heat content 
reaches a maximum in the fall , and thermal ex­
pansion raises the sea level to its highest point. 
And, conversely, after a whole winter's cooling, 
the lowest sea level occurs in spring. Again, the 
maximum seasonal change occurs in the western 
part of the ocean, because of the rotation of the 
ea[[h. If che earth rocaced che ocher way, you 







In TOPEXIPOSEIDON's 
measurements of sea 
surface height, the 
development of the EI 
Nino during the fall of 
19!14--October (top), 
November (middle), 
and December (bot­
tom}-is clearly visi· 
ble. Yellow..green 
represents normal 
height, shading below 
normal through blue 
to magenta (-tS em), 
and above normal 
through yellow, red 
(+ 1 0 em), to white 
(+15 em). When the 
trade winds reversed 
in October, wann 
water pulses moved 
eastward In the 
succeeding months, 
hitting Central and 
South America, 
diverting the jet 
stream, and ultimately 
bringing heavy rains 
to Califomia. 

On a larger scale, 
there's another 
phenomenon with 
far vaster poten­
tial effects than 
El Nifio, and 
that is the 
mean sea level 
variations in 
response to global 
warmmg, 

create a large local sea level change, the average 
measurement from such gauges can be distorted. 
But when we have a satellite giving us half a 
million observations in just one IO-day cycle. we 
have a much more accurate measurement of mean 
sea level rise. If the predicted one-merer sea level 
rise is correct, it will create enormous problems 
worldwide, Abom 3 percent of the earth 's land, 
which is home to abom 20 percent of the world's 
population, will be affected. Dams to hold back 
the sea would cost hundreds of billions of dollars, 
But because there's a large element of uncertainty 
about these predictions for sea level rise, it's an 
urgent task to obtain a reliable measurement of 
the sea level trend to determine whether it will 
be disastrous or relatively benign. Actually, most 
of the models predict that we will have abom a 
half meter increase in the sea level, even with 3 
degrees of temperature increase. 

The effects of thermal expansion pale, howev­
er, in comparison to the second phenomenon, and 
that is the melting of ice, in particular the poten­
tially unstable West Antarctic ice sheet, creating 
a sea level rise of up to five to six meters. Most 
climatologists assure us that this won't happen 
in the near future, because the upwelling of cold 
deep water surrounding Antarctica shields the 
ice sheet to some extent from the heat of the low 
latitudes. But there's st.ill a big uncertainty 
there, which underscores the importance of 
having a reliable way to monitor sea level rise. 

On the following page is rhe record of mean 
sea level based on two years of TOPEXIPOSEI­
DON data. You can see a linear trend, with quite 
a lot of fluctuation, showing about a six-millime-
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The left·hand map-
a comparison of the 
difference In sea level 
height in April 1994 
and April 1993 (1994 
minus 1993) from 
TOPEXJPOSEIDON 
data-shows the 
obvious buildup of the 
1994 EI Nino. Again, 
zero is yellow.green, 
going up to yellow (5 
em), red (10 em), and 
white (15 em). The 
corresponding trough 
of lower-level magen .. 
ta and blue can be 
seen off the coast of 
South America. The 
map on the right, 
which was construct· 
ed from a state-o'·the· 
art model, shows a 
very good correlation. 

of events in the atmosphere that produces a StOrm 

in China a week later. So, no matter how accu­
rate your model is , you can't just lee it run by 
itself. You will always need observations to ad­
just the model via a technique called data assimi­
lation, originally used by meteorologists. Like 
meteorologists, oceanographers depend on fresh 
data to keep their forecasts on track as well, so 
that they don't drift away over time. 

Now we have global observations and a credi­
ble model, so we can assimilate satellite data and 
make predictions. But we still need the third 
element-a ground network of in situ observa­
tions, to produce reliable three-dimensional 
pictures of the circulation structure (rather than 
the shallow swamp that was the basis fot earlier 
models). This is crucial in order to calculate the 
heat transporr and make a correct prediction 
about the conveyor belt. So we also need co have 
deep-ocean observations co validate our comparer 
calculations constrained by satellite observations. 
If it's consistent-great. If there are discrepan­
cies, then we know where co concentrate our 
ocean observations. We don't have co populate 
the ocean with a hundted thousand stations, but 
only need co place them in a few strategic loca­
tions-those where the satell ite and the model 
can't reproduce the real features. So in parallel 
with TOPEXIPOSEIDON, we have a field cam­
paign involving 40 nations around the world, 
called the World Ocean Circulation Experiment. 
A large number of different types of instruments 
have been deployed in the ocean over the past 
three years, an activity that will continue in the 
years to come. This experiment will provide a 

framework in which we can combine these obser­
vations with those from the satellite and the com­
puter models to define a global climate predic­
tion system. It will rely heavily on models and 
satellite data, with a minimum requirement of 
measurement in the sea, but it's the combination 
of all three of these things that should make a 
breakthrough in better climate prediction in the 
years CO come. 

TOPEXJPOSEIDON will probably fly for 
another three at fout years or possibly longer. 
Ocean climate study, however, is a long-term 
commitment. The phenomena we need to 

observe exceed the life cycle of a single mission, 
and we're not going anywhere unless we obtain at 
least a 15- or 20-year record. Realizing this, the 
United States and France are planning co contin­
ue precision altimetry measurement into the next 
century as parr of NASA's Mission to Planet 
Earth. We're entering an era, a very exciting one, 
in 'Yhich our investment in space will payoff 
with the knowledge for predicting the future of 
our own planet and helping us to prepare for 
inevitable change. D 

Lee-Lueng Fu is a senior research scientist and head of 
the Ocean Science Group at the jet Propulsion Labora­
tory where, since 1980, he has helped develop the new 
field of the study of oceanography from space. He is also 
project scientist on the TOPEXfPOSEIDON mission, 
which is managed by jPL. Fu received his as in 
physics from National Taiwan University in 1972 
and his PhD in oceanography from MIT and Wood.r 
Hole Oceanographic Imtitution in 1980. This article 
is adapted from his Watson Lecture, given last March. 
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What looks like a 
Navajo blanket here 
is actually a probe to 
study brain function. 
The reddish-brown 
strip down the middle 
of this photomicro­
graph is part of a 
silicon needle 0.15 
millimeters wide. The 
four crosses down the 
center are wells the 
size of single nerve 
cens. Immature 
nerve cells have 
been implanted in 
the wells, and the 
probe will soon be 
inserted into a living 
brain, where the 
researchers hope that 
the probe cells will 
wire themselves into 
the brain's circuitry. 
(The second nerve 
cell from the bottom 
has already begun to 
send out ''feelers'' in 
search of other nerve 
cells.) The orange-red 
background is a 
nerve-cell culture 
medium; several 
nerve-cell bodies can 
be seen in it as light-
colored blurs. . 

Report froin a Small World 

by Douglas L. Smith 

You may remember a photo of three inter­
meshed gears that Time magazine ran back in 
1989. These gears, made at Bell Labs, were note­
worthy in several respects: each tooth was the size 
of a blood cell; the gears, their axles, and their 
enclosure had been carved from a silicon chip 
with standard integrated-circuit-making technol­
ogy; and they actually worked! Blow a puff of 
gas across the end one, and all three spun. The 
accompanying article described how several labs 
were making tiny springs, itty-bitty motors, and 
other microcomponents that might some day be 
assembled into microrobots that would cruise 
through your bloodstream like roving Public 
Works Department crews. "Dr. Iwao Fujimasa, 
a cardiac surgeon at Tokyo University, is build­
ing a robot less than one millimeter (0.045 inch­
es) in diameter that could travel through veins 
and inside organs, locating and treating diseased 
tissue." The good doctor hoped to have a proto­
type to test on horses in three years, subject to 
the availability of parts-robotic, not equine. 

Five years have come and gone, and if there is a 
microrobot jackhammering arterial plaque depos­
its somewhere out there, it's a safe bet that your 
HMO won't cover the procedure. Although 
microelectronic circuits are now as cheap as dirt 
and as pervasive as paper-you can even buy 
cards that sing "Happy Birthday"-the microfab­
rication techniques that sparked the electronics 
revolution have yet to ignite a mechanical one. 
Nevertheless, micromechanical devices-sensors, 
primarily-are making it out in the real world. 
The definitive sign that they've "arrived" is that 
they're now worth stealing-the theft of car 

The trick to 
micromachin­
ing-and a big 
reason why the 
field is still in its 
infancy-is to 
figure out how to 
make things with 
moving parts, but 
using tools de­
signed to manu­
facture immobile 
electronic circuits. 

stereos is taking a backseat to air-bag extracrion 
as the hottest trend in auto burglaries; and the 
gadget that makes the air bag possible-the 
sensor that tells it to inflate when you slam into 
a tree, but not when you slam on the brakes-is 
a micromachined accelerometer. 

You'd need an accelerometer to keep up with 
the growth of this field. It was all but nonexist­
ent when Assistant Professor of Electrical Engi­
neering Yu-Chong Tai was a graduate student 
a few years back. 'T d go to a conference and 1'd 
basically know everybody. Nowadays, you go to 
a conference, and always more than 50 percent of 
the faces are newcomers. This society is expand­
ing worldwide. It's like a disease, now-all the 
high-tech companies have it." If that's the case, 
then Caltech's biohazard lab is Tai's microma­
chining laboratory. The lab, currently located 
in Steele, will nearly double in size with the addi­
tion of space in the Moore Laboratory of Engi­
neering' which is currently under construction. 

The lab has several micromachine "viruses" 
in culture, as it were, but the one closest to being 
released is a micromotor for hard-disk drives. 
Lyndon Johnson was fond of saying, when told 
of a scientific advance, "How will this help 
Grandma?" Well, if Grandma has a computer, 
it will help her a lot. (Even if she doesn't, her 
gerontologist and pharmacist assuredly do.) 
As PCs give way to laptops, and laptops to 

notebooks, and presumably notebooks to wrist­
watches, more and more memory gets crammed 
into less and less space. The hard drive in your 
average PC is about the size and shape of a Kaiser 
roll, and stores 400 to 700 million bits per square 
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Right: A simplified 
cross·sectional sche· 
matic of how the 
springs are made. 
The materials are 
crosshatched accord· 
ing to the key below. 
(Si is silicon, B is 
boron, Si02 is silicon 
dioxide, PR is photore· 
sist, Cu is copper, and 
NiFe is permalloy.' 
1., The composite 
wafer's underside is 
patterned with photo. 
resist in the shape of 
the diaphragm to be 
etched. 
2., The etchant eats 
up through the wafer 
to the silicon·boron 
zone. 
3., The wafer's top 
surface is patterned 
with photoresist in 
the shape of the 
springs. 
4., The springs are 
cut from above with 
reactive ion etching. 

Si L..I _-I 

Si + 81·.·.·.·.1 

Sio2rZZzl1l1 

P R f'S?S2SISa 

Cu 1111111111 

NiFe __ 

r:::::1 

within a frame that's still part of the same piece 
of silicon, and the frame is glued under the sus­
pension arm's tip. 

Now the trick to micromachining-and a 
big reason why the field is still in its infancy­
is to figure out how to make things with moving 
parts, but using tools designed to manufacture 
immobile electronic circuits. The technology is 
the same-you cover the chip with a mask, then 
add a layer of something to (or strip a layer of 
something from) the parts of the chip exposed 
through the mask. The trick within the trick 
is planning ahead so that succeeding steps don't 
mess up what you've already done. Conceptually, 
there are two basic processes for making the actu­
ator: one for carving the springs, and the other for 
building the motor. In reality, the two processes 
are interleaved. The entire procedure requires 20 
masks-the equivalent of a memory chip. It's 
the most complex sttucture Tai's lab has built. 

Cutting the springs is the simpler process. It 
starts with a silicon wafer 500 microns thick. A 
thin layer of a silicon-boron mixture is applied to 
the top surface by chemical vapor deposition sili­
con epitaxy, meaning that the silicon and boron 
atoms form a single crystal that blends seamlessly 
with the pure silicon below. Then comes another 
20 microns of pure silicon-which again contin­
ues the single crystal-followed by a thin film of 
silicon dioxide, which acts as the plastic wrap on 
the sandwich and is applied to both the top and 
bottom surfaces. Next, the frame is masked off 
on the wafer's underside and etched from below. 
Applying the mask is a darkroom process exactly 
like printing a photograph: you shine a strong 

light through the negative to project the image 
onto light-sensitive paper. In this case, a photo­
resist-a light-sensitive chemical-is spin-coated 
onto the wafer, and the negative carries the frame 
pattern. (Spin coating is a neat way to get a very 
uniform layer of something without much fuss­
ing around-you hold the wafer horizontally and 
put a puddle of the coating in the center, then 
spin the wafer at several thousand revolutions per 
minute; centrifugal force does the rest.) When 
the photoresist is developed, the illuminated stuff 
doesn't stick to the chip any more and washes off, 
exposing the areas to be etched. The chip is 
bathed in hydrofluoric acid, which removes the 
silicon dioxide in the exposed areas, transferring 
the mask to the silicon dioxide layer. (The pho­
toresist itself can't stand up to the etchant that 
follows, but silicon dioxide can.) The photoresist 
is rinsed off with a solvent, and the chip is then 
dunked in the etchant (ethylene diamine/pyro­
catechol), which eats up through the wafer to the 
silicon-boron zone. The etchant can't digest the 
silicon-boron mix, leaving the 500-micron-thick 
wafer framing a 20-micron-thick diaphragm­
the silicon-boron layer and the stuff above it­
into which the springs will be carved. Their pat­
tern is masked off on the diaphragm's top surface, 
using another layer of photoresist, and is cut by 
reactive ion etching. In this technique, the wafer 
is bombarded with a sulfur hexafluoride plasma, 
which consists mostly of fluorine ions that just 
tear into the unprotected silicon. Once the 
diaphragm is cut all the way through to make the 
hairpin springs (which takes about half an hour), 
another solvent rinse removes the photoresist. 
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Right: What all the 
flap's about. An aerial 
view of a portion of a 
flap array, seen from 
the hinged side. The 
four holes in the flap 
allow the etchant to 
undercut the flap out· 
ward from the center 
as well as inward 
from the edges, mini· 
mizing the time it 
takes to free the flap. 
Both this array and 
the flap shown below 
are from the steering 
project. 

Below: Three frames 
from a video of a flap 
flapping. In the top 
image, the magnetic 
field is turned off, and 
the flap lies flat. (The 
hinge is to the right.) 
In the middle picture, 
the field is at about 
half strength, and the 
flap sticks up at a 45· 
degree angle. The 
field is at full strength 
in the bottom frame, 
and the flap is almost 
standing straight up. 

compare the sensors' outputs to decide where the 
vortices are, and lift the flaps in that general area. 
The electronics are still being designed, in collab­
oration with Professor of Electrical Engineering 
Rod Goodman's research group, but the lab has 
built prototype models of the sensors and flaps. 

And it's the flaps that are in the limelight. 
They're thin, flat, multilayer sandwiches that 
cantilever out over pits etched in the silicon 
beneath them. One of the layers is a permalloy 
coil, which, when electrified, raises the flap 
magnetically-up to a good 65 degrees from the 
horizontal-by pushing against the field created 
by another magnet on the floor of the pit below. 
(The magnets, which operate at 80 gauss, or 
about the strength of a refrigerator magnet, exert 
a force some 20 times stronger than gravity on a 
typical one-millimeter by one-millimeter flap.) 
Each flap can be raised or lowered individually. 
Most remarkable of all are the hinges-there 
aren't any. Instead, two tiny silicon beams con­
nect one side of the flap to the pit's brink. In our 
world, silicon structures-glass windows and 
ceramic pots, for instance-are stiff and brittle. 
They resist stress until they shatter. But in the 
microworld, silicon behaves differently. If you 
make thin enough beams of it, they're quite 
amazingly flexible. This is actually true of most 
materials, because as you make smaller and smal­
ler crystals of something, the number oflattice 
defects-places where the atoms don't quite line 
up, and where fractures can start easily-gets 
smaller, too. Other people had verified this with 
millimeter-sized hunks of silicon, says Tai, "but 
we've gone down to microns, and even nanome-
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ters, and we've definitely confirmed the trend. 
And, of course, we're enjoying it. It's a happy 
result." 

These hinges are not only flexible, they're 
beefy. In a parallel project, Tai's lab and the 
UCLA group are building flap arrays that 
exert ten times more force per flap than the anti­
turbulence ones-enough muscle to actually steer 
the airplane. A wing is normally steered by large 
flaps, called ailerons, along its trailing edge. The 
microflaps go along the leading edge instead. 
Both kinds of flaps work by deflecting the 
boundary layer-the airflow along the wing's 
surface that causes lift (and drag). The boundary 
layer is wedge-shaped-very thin along the 
wing's leading edge, and thickening toward the 
rear. As the wedge thickens, it contains more air 
and gets harder to move, so manipulating it from 
the leading edge makes a lot of sense, says Tai. 
"You use much less energy to achieve the ,same 
degree of control. It's like a transistor-you put 
a little signal into the leading edge, and it will 
be amplified automatically as the boundary layer 
goes back over the wing." Tai's group has dem­
onstrated this approach in UCLA's wind runnels, 
using a generic delta-wing model. Aerospace 
engineers are very interested, but the prospect 
of aileronless planes is probably too much for the 
flying public. Don't look for jumbo jets of this 
design any time soon. 

At the moment, each of the three components 
in the turbulent-drag project-sensor, controller, 
and flap--are still separate units connected by 
old-fashioned copper wires. Tai expects to have 
the three on one chip within six months, but 





Right: An individual 
neurodungeon, 30 by 
30 microns square 
and 16 microns deep. 
The neuron will be 
injected through the 
central hole in the 
diamond-shaped lat· 
tice. This cell isn't 
quite ready for occu­
pancy yet, as there's 
no electrode in the 
floor. 
Far right: A four·by· 
four cellblock. The 
tendrils wandering a ll 
over the surface are 
processes that have 
formed a neural net· 
work. The blobs are 
nerve-cell bodies, 
some of which prob­
ably escaped from 
the pen. In fact, if 
you look carefully, 
you can see a couple 
of them in the act of 
going over the wall. 

Below: A couple of 
months after implan. 
tation, probe neurons 
(stained dark, and 
marked with arrows) 
have grown several 
hundred microns into 
the surrounding brain 
tissue. The probe 
(partly visible as the 
straight·edged black 
shape) runs down the 
photo's right side. 

". " . .' • " 

the grillwork and connected with the ward's oth­
et inmates. But the fabrication problems were 
tOO challenging, says Pine, so he helped recruit 
Tai to Cal tech to collaborate on building a better 
neurotrap. 

The collaboration is now making 16-neuton 
cellblocks-arrays of tour cells by fOll[ cells-in 
which embryonic nerve cells from rats are incar­
cerated. The group's record for keeping neurons 
alive in captivity is about a month, iong enough 
to form a network and start recordi ng its behav­
ior. But Pine would like to keep them alive for 
about three months, in order to study each net­
work rhoroughly-like snowflakes or finger­
prints, no twO networks are completely ali ke. 
The trouble is, the neurons climb through the 
bars and escape. "They squish like warer bal­
loons," says Pine. "It's astonishing how small a 
hole rhey'll ger rhrough. A 20-micron-diamerer 
neuron can crawl through a one-by-three micron 
slor. They'll sray alive for rhree months, easy, 
just not where we want them." The neuron's 
growing processes cling to the silicon for support, 
and one process in particular, called the axon, is 
known to exerr a lot of traaion on the cell 
body--enough, apparently, co pull ir rhrough 
rhe lanice. The nexr design will replace the 
grillwork with narrow channels up ro 30 microns 
long, down which the processes will have to 
grow. The hopes are rhar rhe cell bodies won'r 
be able co sray squeezed long enough co wOrm 
rhrough . 

Tai and Pine are building sim ilar probes to 

study neural activity in real, live brains. "We'd 
love to plant spies in brain tissue to tell us what's 
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going on," says Pine. Multichannel electrodes are 
a basic tool of such studies, bur driving spikes­
even wire-thin ones-into the brain tends to 
kill or maim the cells in the immediate vicinity. 
This in itself is not bad, as the brain has cells to 

spare and there are no pain receptors in it, but 
rhe signals from rhe heairhy cells on which rhe 
researchers wish to eavesdrop are muffled by the 
dead zone surrounding rhe probe. And the probe 
picks up the chatter from everythi ng in irs vicin­
ity, while we may only be interested in the con­
versations over a specific phone li ne, as it were. 
Tai and Pine hope rhat a micromachined probe 
with a line of neurodungeons will minimize these 
difficulries. The probe neurons should send rheir 
processes out in search ofheaJthy cells co connect 
ro. And, by srocking rhe probe wirh a cell rype 
peculiar to the circuit the researchers wish [0 

wiretap, rhe probe mighr be encouraged co 
wire itself into that circuit as the captive neurons 
instinctively seek out their compatriots. (How 
nerve cells "know" whkh connections to make 
remains one of [he great puzzles of neurobiology, 
bur we can srill take advanrage of rhe fact rhar 
rhey do.) Of course, al l rhis depends on rhe 
assumption that the imprisoned neurosnitches 
can survive for months or even years in the probe 
without special attention and "mainstream" 
themselves into the brain cell population. 

The probes are shipped ro Ruegers, where 
Professor of Biology Gyorgy Buzsalci's research 
group implants rhem in rar hippocampi. The 
archirecrure (alrhough nOr rhe funcrion) of rhe 
hippocampus is well undersrood, and collecring 
embryonic hippocampal neurons and integraring 



Top: The Art Deco 
zigzags on the 
probe'S back side are 
the leads connecting 
the electrodes (the 
small squares) to the 
outside world. The 
arrowhead is a 
reference electrode. 
BoHom: The probe 
has 15 neurodun· 
geons spaced 50 
microns apart at the 
tip of a 2-millimeter· 
long shank that's 20 
microns. thick. 

them with host neurons is Buzsaki's specialty. 
The Rutgers contingent has proven that the 
probe neurons do, in fact, grow connections to 
the host cells. Buzsaki's next step is to figure 
out exactly where those connections go, by stim­
ulating an individual probe cell and monitoring 
the neighborhood's reaction, or waking the 
neighbors and seeing which probe cell responds. 

Although these probes are strictly for basic 
research at the moment, Tai sees them eventually 
getting our into the larger world as controllers for 
prosthetic limbs. The probe could tap into the 
brain circuits that would normally move the 
limb, and send the electrical outputs to servomo­
tors that could flex an artificial knee or clench 
synthetic fingers into a fist. Such experiments 
have been going on for 20 years with metal 
probes, but the neuroprobe offers the chance to 
make permanent, one-on-one connections. And 
you wouldn't have to intercept exactly the right 
circuits-probably an impossible feat in any 
case-since the patient's brain would automati­
cally rewire the connections as the patient learned 
to use the prosthesis. 

In fact, Tai sees a growth industry in biomedi­
cal microdevices of all kinds-not Dr. Fujimasa's 
Fantastic Voyage robot, but less grand schemes. 
For instance, one company has been making mic­
ro blood-pressure sensors for a decade, says Tai, 
and another is making microvalves "that could 
revolutionize biomedical instruments. Microma­
chining can make small systems that function as 
well as the big ones, or even better. That's terri­
fic for biomedicine, because people want smaller 
and smaller devices." 

We're not talking about teeny-weeny heart 
valves for preemies here, but something much 
bigger: a laboratory on a chip. When you visit 
your doctor for blood work in a few years, you 
may get away with depositing a few drops, 
instead of leaving what seems like a gallon's 
worth. Several organizations are working on scal­
ing down the equipment needed for an arsenal of 
standard analytical procedures. A technique 
called capillary electrophoresis, for example, 
which is used to identify proteins or DNA 
sequences, separates the constituents in a sample 
by dissolving them and drawing them through a 
narrow tube via an electrical gradient. The com­
ponents pass through the tube at rates depending 
on their size and charge, allowing each one to be 
identified when it emerges. Right now, such sys­
tems take a lot of fancy plumbing squeezed into 
a unit about the size of a home bread-making 
machine. Add the laser sample-detection system 
that goes with it, and you have another unit the 
size of a toaster oven. And the workhorse of bio­
technology, a technique called polymerase chain 
reaction (PCR) that takes a snippet of DNA and 
copies it many times over-a critical step in 
screening for assorted genetic diseases-requires 
heating and cooling the sample over and over 
again, while adding different reagents at specific 
steps in the cycle. This also means lots of plumb­
ing, plus a programmable oven. The current ones 
are about the size of microwaves, but instead of 
getting popcorn in five minutes, you get PCR 
in an hour. Doing the procedure on a chip, with 
just a smidgen of sample to heat and cool, might 
cut the processing time to 15 minutes. Eventual­
ly, one could design special-purpose chips to do 
specific blood tests while you wait-can drive­
through service be far behind? 

And there are a legion of applications beyond 
the biomedical. For example, self-contained 
laboratories on a chip could be used as process 
controls in industries from brewing beer to refin­
ing gasoline. Beyond the factory gates, such sen­
sors could form the basis for rugged yet compact 
air- or water-pollution monitors. 

Along with the usual M3 problems of compo­
nent integration, these projects are hampered by 
a lack of fundamental knowledge of what goes on 
in machinery of cellular dimensions. "There are 
so many promising applications that everybody 
has been spending their resources developing new 
devices," says Tai. "But we're neglecting the 
study of fundamental micromaterial properties, 
which we need in order to keep advancing. I 
can't overemphasize the importance of fundamen­
tal research, and I feel that academia, rather than 
industry, has an obligation to do it because it 
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There's also a 
pressure spike at 
bottleneck number 
two, where the 
channel narrows 
to 40 microns. 
This could mean 
that the gas mole­
cules pile up like 
a mob of Keystone 
Kops running full 
tilt at a narrow 
doorway. 

benefits everybody." Tai and Miu are therefore 
running a silicon microproperties lab, too. 

As we saw in the case of the airplane-wing 
flaps, specks of silicon can behave quite different­
ly than silicon in the large. One of the questions 
the microproperties project is trying to answer 
is just how small you can make, say, a hinge-at 
some point, there are simply going to be too few 
atoms to accommodate the bending force. The 
project is srudying static properties such as ten­
sile strength (how much you can stretch a sam­
ple) and fracture strength, as well as dynamic 
properties such as fracture propagation. The 
project is also looking at composites, in which 
the silicon has been coated with a metal, an alloy, 
a polymer, or even a ceramic. Most silicon micro­
gadgets incorporate other materials, if only as the 
metal lead to an electrical connection. Says Tai, 
"Composite materials have been a big research 
topic in materials science, but microcomposites 
are relatively new and there's no general theory 
describing them. Microcomposite materials open 
up a whole new range of properties and behaviors 
that we can use in ways we can't even imagine 
because we don't know enough about them. 
We've already found a lot of interesting things 
we don't see on the macro scale." They've discov­
ered, for example, that applying a layer of metal 
to the top of a silicon beam markedly alters its 
fracture behavior. Whenever you do a set of frac­
ture experiments, there's always a certain amount 
of statistical scatter in the results. But the metal 
layer reduces that scatter-the results cluster 
more tightly around a single value. Furthermore, 
the alloy's exact composition strongly affects the 
clustering. 

And if the quintessence of rock-solid silicon 
changes with its bulk, it should come as no 
surprise that more evanescent phenomena are 
mutable as well. Take fluid-gas and liquid­
flows, for example. The vast literature on fluids 
in enclosed channels (the sort of thing you use to 
design natural-gas pipelines or chemical plants) 
tends to streamline the calculations by concen­
trating on what's happening in the middle of the 
pipe and neglecting the complexities, called edge 
effects, that occur along the walls. But you can't 
do this in a microchannel, where the channel's 
height is comparable to the mean free path-the 
average distance a fluid molecule travels before 
colliding with another fluid molecule. At that 
scale, everything is edge effect. "If you don't have 
micromachining technology, it's very hard to do 
these experiments, and there's really no need for 
them. Now, suddenly, we have this technology, 
and people are showing that many useful micro­
fluid devices can be made. But in order to 
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properly design micropumps and so forth, you 
have to know how fluids behave on this scale." 

So the micromachine lab and the UCLA engi­
neers are building wind tunnels on chips. This 
has required developing a micro pressure sensor 
that can be integrated into a channel so that the 
ensemble can be built as one unit. The flow at 
various points in the channel-which is what 
you really want to know-is then derived from 
the pressure data. 

The first wind tunnel looked at the simplest 
possible siruation-a pure gas (helium or nitro­
gen) in a straight, rectangular channel. And, 
says Tai, "we found that no theory, even when 
we modified the famous Navier-Stokes equations, 
could explain the differences we saw between 
helium flow and nitrogen flow." These equa­
tions, which work very well at macro scales, say 
that the two gases will behave differently. The 
gases, however, didn't behave differentlyin the 
way that the equations said they would-they 
behaved differently in a completely different way. 
None of the fluid mechanists that Tai talked to 
were able to explain what was going on, so the 
group eventually just published the data in an 
article that said, "Here, theorists-what do you 
make of this?" The group also discovered that 
the pressure distribution in the channel was 
nonlinear. In a big pipe, like a gas main, the 
pressure is high at the inlet, drops at a steady 
rate-linearly-as the gas flows down the pipe, 
and reaches its lowest value at the outlet. This 
pressure drop forces the gas through the pipe, 
just as an elevation drop forces water down an 
aqueduct. But in the microchannel, the pressure 







The human ubiquitin 
molecule, shown here 
with its C·terminus at 
the top, differs from 
the yeast version by 
only the three amino 
acids rendered in 
blue. (The spheres 
represent individual 
atoms.) These three 
residues lie at posi. 
tions 19, 24, and 28, 
as counted from the 
N·terminus. The pink 
atoms depict a lysine 
residue at position 48, 
through which 
another ubiquitin can 
attach itself to form a 
link in a multiubiquitin 
chain. (Ubiquitiri's 
three·dimensional 
structure was deter· 
mined by Senadhi 
Vijay·Kumar, Charles 
Bugg, and William 
Cook at the University 
of Alabama in Bir· 
mingham. Image 
courtesy of Michael 
Carson, Leigh Walter, 
and Cook.) 

The World lof Ubiquitin 

by Alexander Varshavsky 

The pessimists have known it all along. 
Things of value in our eyes-fresh fruit, good 
weather, ourselves-tend to decay and fall apart. 
Proteins-the major constituents of living 
organisms-are no exception to this dreadful 
law. They are being destroyed inside and ourside 
of cells, often in complicated ways, for a variety of 
reasons. The tale of protein degradation is a braid 
of interacting plots; in this article we focus on 
those that star a remarkable protein called 
ubiquitin. 

But first, let's recall some basic molecular 
biology. Proteins are polymers, built from 20 
different amino acids, which are assembled into 
linear chains according to instructions by 
segments of DNA called genes. The DNA's 
instructions are conveyed through messenger 
RNA to protein-making intracellular machines 
called ribosomes, which themselves are built from 
proteins and RNA. The protein's chain of amino 
acid residues (or simply residues) is called a poly­
peptide chain, and the residues are linked by 
chemical bonds called peptide bonds. The two 
distinct ends of a polypeptide chain are called 
the N-terminus and the C-terminus. The 
N-terminus bears a nitrogen-containing 
chemical group called the amino group, while 
the C-terminus bears the carbon-containing 
carboxyl group. 

A newly formed protein, which emerges from 
the ribosome with its N-terminus first, faces a 
staggering variety of potential fates, one of which 
is degradation. Proteins are destroyed in a 
process called proteolysis, which may involve 
just a few cuts in a polypeptide chain, but can 

The story of an 
old protein mole­
cule is a tale of 
hazard and tear, 
of unceasing 
collisions with 
other molecules 
in the cell and 
assaults by a 
legion of highly 
reactive com­
pounds that form 
in the process of 
metabolism. 

also result in the degradation of a protein all the 
way back to its constituent amino acids. Making 
proteins is an incredibly complex undertaking­
why should they be destroyed at all? One reason 
for the existence of proteolysis is also kind of sad: 
proteins of a cell can be food for other cells, which 
often reside in a different organism. A lion 
dining on antelope looks utterly unlike a vegetar­
ian munching a cucumber, but the strategy of 
both eaters is the same-to keep alive by subsist­
ing on components of other living beings. 

The enzymes (biological catalysts) that carry 
out proteolysis are a special class of proteins 
called proteases. Their size and complexity vary 
enormously-from relatively small proteases like 
trypsin and pepsin, which function outside of 
cells and digest proteins in food, to much larger 
ones called proteasomes, which consist of many 
protein subunits (polypeptide chains) and reside 
inside the cells. 

Another function of proteolysis is the destruc­
tion of damaged or otherwise abnormal proteins. 
The story of an old protein molecule is a tale of 
hazard and tear, of unceasing collisions with other 
molecules in the cell and assaults by a legion of 

. highly reactive compounds that form in the 
process of metabolism. Sometimes a protein 
molecule is abnormal from its very beginning, 
either because it is the product of a defective 
gene or because it failed to fold properly (folding 
properly is a complicated affair, assisted by 
special proteins). Yet another source of protein 
damage is environmental stress. Consider, for 
example, a yeast cell feeding on a grape at high 
noon. This cell has to cope, among other things, 
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