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practical use. Silver says there has been a growing feeling that
scientists’ understanding of life, particularly the detailed molec-
ular biology of cells, has progressed far enough that it can be-
come an applied science. At the same time, new technologies and
computing power make it possible to transform biology from a
“soft” science focused on description to a “hard” science focused
on quantifying, predicting, and controlling its properties. 

Defining bioengineering can be a challenge because it encom-
passes a diverse group of research projects that spill across disci-
plines. In some cases, it involves engineering for biology: the de-
velopment of new tools to assist biological science and medicine.
This area has become particularly important with the rise of
small-scale manufacturing and design that make it possible to
design tiny devices for sequencing DNA or testing cells for re-
sponses to drugs. Another aspect of bioengineering is the engi-
neering of biology. One of the most prominent examples is tissue
engineering, which aims to create new tissues and organs out-
side the body to help patients. But bioengineers are not always
working with a medical goal in mind; they also manipulate
viruses, bacteria, plants, or animals to act as sensors, waste re-
moval systems, or energy producers. And some bioengineers
don’t manipulate living things at all, but use biology as an inspi-
ration for designing new technologies, tools, and products. The
following portraits of faculty members suggest some of the Uni-
versity’s growing engagement with bioengineering research.

RECREATING TISSUE
One of the best-known applications of engineering to biol-
ogy is tissue engineering, in part because pioneering work by
Joseph Vacanti and others helped bring its possibilities to public
attention. Commercial interest is now rising, boosted by recent
advances in manipulating stem cells and regenerating tissue. 

During the past two decades, Vacanti’s lab at Massachusetts
General Hospital has demonstrated the possibilities of growing
tissue outside the body—such as a startling image of a human
ear grown on a mouse’s back. Vacanti, who is Homans professor
of surgery, got into bioengineering to solve a practical problem
that he faced as a young physician specializing in liver trans-
plants: a shortage of available organs from donors. His perspec-
tive as a surgeon is aligned with that of an engineer; rather than
seeking to unravel all the intricacies of biology, he wanted to find
solutions to problems that directly a≠ect patients. But the “sim-
ple” goal he pursued—to grow new livers—quickly led to some
complex biological problems. 

Vacanti credits his direction in tissue engineering to his col-
laboration, begun 20 years ago, with two other pioneers in biol-
ogy: the late Judah Folkman, Andrus professor of pediatric
surgery and professor of cell biology, a clinician-scientist who
launched the study of angiogenesis (the growth of new blood
vessels); and Robert Langer, professor of chemical and biomed-
ical engineering at MIT. At the time, scientists could grow cells
outside the body, but they amounted to tiny islands of tissue, far
short of a functioning organ. The central problem of tissue engi-
neering was clearly one of scale, or, in Vacanti’s words, “How do
you make living structures that not only work, but are large
enough to help a human?” Multicellular organisms all face a fun-
damental problem: every single cell needs a supply of nutrients—
including oxygen for animal cells and carbon dioxide for
plants—and a way of expelling subsequent waste products. “Na-

At the forefront 
of bioengineering

BY COURTNEY HUMPHRIES
Portraits by Jim Harrison

Biology and engineering have traditionally represented
completely di≠erent departments, fields, career paths—even
philosophies. But of late, these pursuits have begun to merge
in several di≠erent ways, making bioengineering one of the
most exciting areas of contemporary science. At Harvard,
bioengineering o≠ers a chance to bring together the basic
studies of life in the Faculty of Arts and Sciences (FAS), the
technology-focused work at the School of Engineering and
Applied Sciences (SEAS), and the clinically oriented bio-
medical research of Harvard Medical School (HMS) and its
a∞liated hospitals. To better position itself as a leader in this
growing field, Harvard has been building such connections
and recruiting faculty members whose work bridges biology,
medicine, engineering, physics, materials science, chemistry,
and computer science. Much of the push to expand bioengi-
neering at Harvard comes from students who want to engage
in science in a practical way.

In many cases, bioengineers bring not only new tools but a
new perspective to traditional biology. “Engineering itself is
defined as a field that solves problems,” says Pamela Silver, an
HMS professor of systems biology. Traditional biology has
emphasized understanding the causes and mechanisms of bi-
ological processes, but bioengineers put that knowledge to

Constructing an artificial liver. Al-
tering bacteria to make hydro-
gen fuel directly from sunlight.

Determining how the geometry of
damaged heart cells leads to coro-
nary disasters. Creating implantable
devices that heal the body by retrain-
ing the behavior of cells. All of these
projects are the domain of bioengi-
neers, who work at the intersection of
the study of life, medical science, and
engineering.
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ture’s solution to that is the design of the vascular circulation,”
he says. All multicellular organisms have the same basic vascular
design, which involves branching into smaller and smaller scales
until each cell is in contact with a vessel that carries nutrients in
and out. 

“Intrinsic to the solution of scale is the vasculature,” Vacanti
says. Building on Folkman’s work, Vacanti and Langer both de-
cided that the key was creating blood vessels in engineered tis-
sue. But growing blood vessels to feed cells takes time, and in the
interim cells need an artificial vasculature. 

In Vacanti’s o∞ce, he holds one example of this principle in
the flesh—or rather in the plastic: a whitish polymer dish a few
inches square that has had channels as thin as capillaries carved
into it by a microfabrication technique similar to those devel-
oped for computer chips. The channels are specifically designed
to recreate the pressure and flow of a normal vascular bed. Below
them is a porous membrane; liver cells can be grown on the other
side of the membrane and will then interact with blood flowing
through the membrane as they would with normal capillaries.
This dish can feed only a sheet of cells, but by stacking multiple
dishes together, it’s possible to create something that functions
like an organ. 

The stack of plastic squares looks very di≠erent from the ulti-
mate goal of a liver on demand, but it’s a first step. “Along the
way, we decided we might be able to help patients with an im-
plantable assist device,” even if it didn’t look like a real organ, Va-
canti says. He and colleagues now hold a patent on their chan-
neled vasculature design. Ultimately, though, he envisions
creating sca≠olds and vessels out of biodegradable materials that

disintegrate in the body after cells populate them, leaving func-
tioning organ tissue behind. 

Although initially interested in livers, Vacanti has chosen not
to focus on a particular organ, but rather to demonstrate broad
principles in several di≠erent kinds of tissues. His lab has made
achievements in heart, brain, bone, and cartilage tissues as
well—demonstrating how tissue-engineering approaches could
help diverse patients and di≠erent diseases. Though he’s a bit be-
mused when students refer to his early papers as “classical tissue
engineering,” Vacanti’s work has pointed the way toward fresh
thinking about how artificial materials can interact with cells.

REBUILDING LIFE
Pamela silver has been a leader in the emerging field of syn-
thetic biology, which aims to understand how biological systems
are designed in order to apply that knowledge toward redesign-
ing those systems or creating artificial cells and organisms. It
o≠ers a new way of using all the detailed knowledge about mole-
cules and cells that biologists have amassed over the past
decades: not just to understand life better, but to find ways to
put biological components to work for us. Silver says that one of
her primary goals is “to make the engineering of biology easier.”
Thus her work often focuses on the basic steps needed to manip-
ulate a cell or a system, steps that could be applied for many
di≠erent purposes. 

One of Silver’s major questions is: “Can we engineer cells that
will act like computers, that will tell us things?” Her team is
working to engineer cells that can relay information about
whether they have been exposed to a particular drug or signal,

Vacanti envisions creating scaffolds and vessels out of 
biodegradable materials that disintegrate in the body after
cells populate them, leaving functioning organ tissue behind.

Above: Joseph Vacanti and a network of channels designed to carry blood to a tissue-engineered organ, such as a liver. On the previous spread: The sprouting of a 
human endothelial cell (green) marks the first moments of capillary formation, as seen in this three-dimensional model of angiogenesis created in David Mooney’s lab.

Joseph Vacanti
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AS HARVARD pursues a broad program
of bioengineering research and teaching,
one element—based on deciphering life
forms and processes, and making novel
uses of the discoveries—has made a major
advance. On October 7, the University an-
nounced that Hansjörg Wyss, M.B.A. ’65,
has given Harvard $125 million—the
largest donation in its history—for work in
“biologically inspired” engineering. A Har-
vard Institute for Biologically Inspired Engi-
neering (www.hibie.harvard.edu) had al-
ready been established in anticipation of
Wyss’s support; it will be renamed in his
honor.

The official gift announcement (Wyss
chose not to publicize it himself ) says it is
intended to “uncover the engineering prin-
ciples that govern living things, and use this
knowledge to develop technology solu-
tions for the most pressing healthcare and
environmental issues facing humanity.”
President Drew Faust hailed it as “a trans-
formational investment in powerful, collab-
orative science.”

The interdisciplinary research program
(expected to involve “experimentalists,
theoreticians, and clini-
cians with expertise in
engineering, biology,
chemistry, physics,
mathematics, computer
science, robotics, medi-
cine, and surgery from
Harvard’s schools and
aff iliated hospitals, as
well as from neighbor-
ing universities”) will be
directed by Donald E.
Ingber, Folkman profes-
sor of vascular biology
at Harvard Medical
School (HMS) and pro-
fessor of bioengineering in the School of
Engineering and Applied Sciences (SEAS).
According to Provost Steven E. Hyman,
who was interviewed about the announce-
ment, Ingber and McKay professor of bio-
engineering David J. Mooney led the acad-
emic planning within and beyond Harvard
that underpins the new institute.

Hyman said that Wyss, who became
president of the U.S. division of Synthes in
1977 and drove the company to global
leadership as a manufacturer of medical
and surgical devices during the ensuing 30
years (he stepped down as CEO in 2007),

had “served a role that was unusually posi-
tive and inspiring” in shaping the new pro-
gram. The provost noted that the Univer-
sity had not been particularly engaged in
an earlier wave of biomedical engineering.
But now, at an “inflection point” where bi-
ological science, genetics, information
technology, nanomateri-
als, and other develop-
ments in engineering
have progressed, Har-
vard is in a position to
combine and augment its
strengths in diverse disci-
plines to pursue a much
broader agenda.

Ingber’s work is repre-
sentative of such oppor-
tunities. His laboratory webpage, at Chil-
dren’s Hospital, describes research into
how the “process of tissue construction
may be regulated mechanically” using
techniques from “molecular cell biology,
mechanical engineering, physics, chemistry,
and computer science.” Focusing on how
blood vessels form, he has made discover-
ies in “angiogenesis, tissue engineering,

mechanobiology, and
systems biology,” result-
ing in credit on patents
involving everything
from drugs to micro-
manufacturing tech-
niques and software.

Harvard’s wider inter-
est in bioengineering
was most recently artic-
ulated in a strategy pa-
per, “Engineering Biol-
ogy for the 21st Cen-
tury,” prepared for SEAS
and HMS (http://hms.-
harvard.edu/public/-

strategy/Bioengineer.pdf ). The faculty
committee responsible was directed by
Joanna Aizenberg, McKay professor of ma-
terials science, professor of chemistry and
chemical biology, and Wallach professor at
Radcliffe, and Pamela Silver, professor of
systems biology (see “Seeing Biological Sys-
tems Whole,” March-April 2005, page 67).
That report envisioned “a focal point of
pedagogy and collaborative and transla-
tional research”—involving the schools of
engineering, medicine, law, business, and
public health and engaging problems such
as bioenergy (using photosynthesis to cap-

ture and store energy); water purification;
food supply; and healthcare.

This Harvard University Bioengineering
(HUB) program, its authors hoped, would
have a minimum of 20 new faculty posi-
tions. Importantly, the initiative embraces
both research and education—with both

an undergraduate con-
centration and a graduate
curriculum—much as the
systems-biology program
has evolved in recent
years. Full implementa-
tion awaits the appoint-
ment of a permanent
SEAS dean; in the mean-
time, HIBIE’s initial fo-
cus—now carried over to

the Wyss Institute—is on synthetic biology,
living materials, and biological control.

As an element in this broader bioengi-
neering initiative, the Wyss gift jump-starts
research and faculty recruiting (the funds
will endow seven new positions and the
costs of fitting up labs), with Harvard re-
sponsible for administrative and facility
costs. By providing a core of instruments
and facilities for diverse experiments, the
Wyss Institute aims to support basic sci-
ence, clinical research, and collaborations
with industry to commercialize products.

Hyman was particularly excited about
siting the Wyss Institute alongside Har-
vard’s efforts in stem-cell science, regener-
ative medicine, and systems biology—all
slated for the new laboratory building now
under construction in Allston. There, he
said, new work on synthetic biology and
on “rebooting or reprogramming cells to
deliver therapies” may advance rapidly as
scientists interact: “That exactly fits where
we want to go.”

The bulk of the Wyss gift is meant to be
“spent down” in five years, in pursuit of the
research agenda. The hope, the provost
said, is that investigators will also be able to
secure federal grants for their research—
and that the progress will be sufficient to
engage Wyss in further support. 

The Wyss-funded professorships will ob-
viously advance Harvard’s teaching capacity
in bioengineering, Hyman said, but more
professors will be needed to fulfill HUB’s
ambition to launch a full undergraduate
concentration. Thus, in educational terms,
Hyman said, the Wyss gift “is a beginning,
not the end.” �j.s.r.

Engineering Bioengineering
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when the exposure occurred, and for how long. As a first step,
they created a simple “memory device” and inserted it into yeast
cells (and later the cells of mammals), where it reported whether
they had sensed a particular signal of interest—sugar in yeast, or
a drug in mammalian cells. The device is based on a common
phenomenon in biology called a positive feedback loop. The sig-
nal of interest activates a protein in the cell, which in turn acti-
vates another protein that is capable of turning itself on indefi-
nitely. When the signal disappears, this second protein remains
active as a record of the past exposure. Ideally, Silver would like
to engineer cells that can provide information about their expo-
sures to DNA damage, drugs, or hormones, and could be used in
the laboratory or even implanted in the body as biological sen-
sors. (Her lab also works to engineer individual proteins with
the goal of creating better drugs—for instance, by using a
knowledge of the biophysics of proteins to modify cancer drugs
so that they target tumors without damaging normal cells.)

Synthetic biology can extend from proteins and cells to entire
organisms. Plants have long been one of the most attractive sub-
jects for genetic engineering: among the results are organisms
that resist droughts, yield larger crops, or serve as sentinels for
disturbances or toxins in the environment. One of Silver’s
newest interests is using microorganisms to create biofuels that
would reduce dependence on fossil fuels. Her lab is now investi-
gating ways to engineer organisms to produce an element that
would be useful for fuel, such as hydrogen. They first engineered
yeast that can transform biomass into hydrogen, but Silver says,
“The real home run would be to get rid of the biomass in the
equation and go directly from sunlight to hydrogen.” Her lab is
focusing on photosynthetic bacteria, which use sunlight for their
own energy. By redesigning bacteria to produce hydrogen or
other useful elements from the sunlight, she would like to turn
them into “living solar panels.”

Can biology be designed and engineered as easily as com-
puter chips, and can parts of cells or molecules be shu±ed
around like parts of a machine? Silver’s reference to computers
and devices is no accident; synthetic biologists often embrace
the language of machines and computer technology. “Some peo-

ple will say it’s the wrong metaphor,” she says. “I think it’s
worth testing.” 

AN ENGINEER’S VIEW OF HEART DISEASE
Kit parker’s work illustrates how an engineering approach
can add a new perspective to biology. Parker, an associate profes-
sor of biomedical engineering, focuses much of his research on
the structure and function of the heart and how it goes awry in
disease. The normal function of the heart relies on several di≠er-
ent events: chemical signals within and between cells, electrical
pulses of the heartbeat, the mechanical forces of muscle cells as
they force blood through the heart.

But rather than viewing disease in terms of genetics or electro-
physiology or mechanics, Parker, a physicist by training, sees it
as a problem of scale. He explains that events in the heart can
happen on di≠erent spatial scales, “from protein ensembles on
the nanometer level to the whole cardiovascular system, which is
on a meter-length scale. That’s nine orders of spatial magnitude.”
At the same time, he says, “a protein goes through conforma-
tional changes on a nanosecond scale, but people die from ven-
tricular fibrillation in a few seconds. That’s nine orders of tem-
poral magnitude.” 

Biology has typically had a much easier time focusing on one
scale, rather than drawing connections between scales. But
Parker points out that disease doesn’t arise from a single protein
or a single cell; instead, it emerges from many small-scale changes.
“The question is, what’s the lowest possible level that you can
identify disease?” he asks. “And as a biomedical community, are
we designing our therapeutics to target that particular spatial
scale?” (An inspiration for Parker’s approach was the spectacular
failure in the late 1980s of a clinical trial to treat irregular heart-
beats with drugs that targeted cell chemistry; the trial was shut
down after the drugs led to increased deaths among patients. Un-
derlying the failure of anti-arrhythmia drugs, Parker believes, is
an inability to understand how the rapid chemical interactions in
heart cells a≠ect the electrical and mechanical forces that control
the heartbeat. One of his primary focuses has been to connect the
dots between these di≠erent events.)

In related research, a team from Parker’s lab, led by Po-Ling
Kuo, now an assistant professor of electrical engineering at Na-
tional Taiwan University, has used a multiscale approach to solve
a riddle about the shape of heart muscle cells (cardiomyocytes).
Parker explains that pathologists who first compared hearts
from people with and without heart disease found that normal
heart cells look roughly like oblong cylinders. In hearts that had
become thickened because of maladaptive growth, the cells were
a shorter, fatter cylinder; those from enlarged hearts had cells
that were longer and skinnier. Parker’s group found that “there’s
this sweet spot, an optimal shape to get the maximum contrac-
tion from a cardiomyocyte.”

Parker encourages his team to apply tools and knowledge
from di≠erent fields to a problem, rather than forming questions
around the technologies at hand. In this case, the researchers
used software originally developed to analyze fingerprints to
study what was happening at the molecular level in cells. They
found that when the overall shape of the cell changes, tiny pro-
tein motors responsible for muscle contraction get misaligned.
“It’s a stunning thing,” Parker says. “It shows that on the whole
organism level, you’re going to die of heart failure because you’ve

Pamela Silver is working with photosynthetic bacteria (above)—their chlorophyll shown in red and
their carbon-fixation machinery in green—with the hope of turning them into “living solar panels.”
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got a nanometer or micrometer architectural problem inside the
cells of your heart.”

MASTERING CELLS
Biologists tend to focus on understanding biological
processes, but this understanding doesn’t necessarily translate
into ways to control disease or repair physical defects. McKay
professor of bioengineering David Mooney sees his field as a crit-
ical link between traditional biology and new medical advances.
Consider the wealth of research during the past two decades
that has shown that tumors depend on angiogenesis for their
survival, and that blood vessels are critical for growing artificial
tissue to repair injured and diseased organs. These discoveries
have led to interest in shrinking blood vessels in cancers and
promoting their growth in transplanted and engineered tissues.
What is often missing, Mooney says, is a systematic study of
what chemical or physical factors are needed, in what amounts,
and when, to influence the process in a predictable way. “In biol-
ogy, there’s a real emphasis on discovery,” he says, “not an em-
phasis on controlling what’s happening.” 

So Mooney is working to “design materials that can communi-
cate with the cells in the body and control them.” Unlike Va-
canti, whose goal is to engineer therapies that can be introduced
into patients as soon as possible, Mooney focuses on pursuing
new ideas in tissue engineering that may take many years to real-
ize. An example is the use of stem cells to replenish tissues. Sci-
entists have discovered chemical factors that control how stem
cells mature into specific cell types, but they have struggled to

use that knowledge to manipulate stem cells predictably. Moon-
ey’s lab works to determine how much of a particular factor is
needed, in what location, and when. 

The goal is to use this information to create materials and de-
vices that mimic the natural environment of the cell. “Cells ac-
tively probe, push, and pull on their environment to understand
their surroundings,” he says. Tissue engineering often involves
growing cells outside the body on artificial sca≠olds that imitate
the physical properties of tissues. Mooney would like to make

“It’s a stunning thing. On the whole organism level, you’re going
to die of heart failure because you’ve got a nanometer or 
micrometer architectural problem inside the cells of your heart.”

Above: Kit Parker with a cell confined to a triangle (the nucleus and other parts are stained for identification). His lab patterns individual cells onto various shapes 
to learn how micro-architecture a≠ects a cell’s mechanical properties. Right: Cells (green) within a three-dimensional structured polymer. Prakriti Tayalia, mentored 
by professors David Mooney and Eric Mazur, uses confocal microscopy to show cell infiltration and adhesion in this engineered sca≠old.

Kit Parker
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“smart” sca≠olds that can communicate chemically as well as
physically with cells and release their chemical signals in a con-
trolled fashion over time. 

Ideally, he says, cell- and tissue-based therapies shouldn’t nec-
essarily have to rely on implanting cells grown outside the body:
it may be possible to control the cells already there. Mooney be-
lieves that scientists could create an environment inside the
body that promotes cell regeneration or encourages cells to re-
verse disease. For instance, many cancer scientists are looking for
ways to develop a cancer vaccine that could stimulate the im-
mune system to destroy a tumor. Mooney imagines that one
could implant a device that can “teach” existing cells to act
against tumors—first by attracting immune cells and then se-
creting signals that cause them to attack cancer cells in the body.

Although biology may have the reputation of being “messy”
and di∞cult to control, Mooney says that it also o≠ers advan-
tages for engineers. “Another way to think of it is that biology
tends to be quite robust,” he says. “It has the ability to get to cer-
tain endpoints even if there are bumps and noise along the way.
The key is to work with that, not against it.”

MIMICKING LIFE’S DESIGNS
Although many bioengineers use tools of engineering to
manipulate living things, Joanna Aizenberg, McKay professor of
materials science, works in the reverse direction: she uses biol-
ogy as an inspiration for engineering new artificial materials.
Aizenberg (who is also Wallach professor at the Radcli≠e Insti-
tute and professor of chemistry and chemical biology; see “Por-
trait,” July-August 2008, page 59) came to Harvard a little more
than a year ago from Bell Labs, where she had developed materi-
als and devices inspired by creatures such as brittle stars (a close
relative of starfish), which are covered in a sophisticated array of
tiny lenses. 

This o≠shoot of bioengineering—often called biomimetics or
bio-inspired design—sees biology as a source of creative ideas.
“Through evolution, nature created very sophisticated solutions
to complex problems,” Aizenberg explains. These solutions can
be found simply by observing the structures washed up on a
beach, something she does regularly. As a materials scientist and
a chemist, she finds much to admire.

As an example, Aizenberg holds up a long, slender tube: the
skeleton of a sea sponge. Though made of a seemingly delicate
white lattice of glass, the skeleton is surprisingly strong and
rigid. Aizenberg wants to build something with similar proper-
ties; she next holds up two cylinders made of orange plastic. One
has a lattice of open squares, while the other has a more compli-
cated crossed lattice similar to the sponge’s. The more intricate
one is far more rigid than the simpler design. Part of her work is
to identify which properties give natural structures an advan-
tage—whether it is the materials or their structure—and incor-
porate those properties into artificial materials and structures.

Though many of her projects have focused on mineralized tis-
sues like the sponge skeleton and the brittle star lenses, Aizen-
berg’s newest interest is cilia: hair-like structures that have a vari-
ety of roles in many organisms. Hair cells on the outside of an
organism can serve as sensors; sea animals can use them to navi-
gate in deep waters even if they can’t see. Within the body, they
can help to channel the direction of fluid flow—for example, in
blood vessels. The proper movement of fluid by cilia even ensures
that our bodies develop the proper left-right symmetry in the
womb. Aizenberg believes that cilia-like structures could help
solve several engineering problems—for instance, improving the
flow of fluid through narrow channels in small devices.
Microfluidics—in which fluids are manipulated within areas of a
millimeter or less—is a growing field in biotechnology, but mov-
ing fluids through increasingly small spaces is challenging. “If we
can make channels or pipes with these hairy walls, similar to cili-
ated walls,” she says, “we can decrease the pressure and therefore
the energy needed to push liquids in microchannels, or reduce
drag in pipelines.” (Although one might assume that the presence
of hair-like projections in a channel would obstruct flow, in fact
they repel water so well they actually help speed flow along.) 

Aizenberg’s team is currently developing a “nanofur” with
hair-like projections that change properties in response to hu-
midity: attracting water when dry and repelling it when wet.
The ability to change in response to the environment is one of
the properties that make biological materials more useful than
artificial ones.

Aizenberg believes that students are attracted to biomimetics
because it lets them study nature in a way that benefits real-
world problems. It also draws together people from di≠erent dis-
ciplines, blending knowledge of biology with physics, chemistry,
materials science, mathematics—Aizenberg has even worked
with archaeologists. “Almost anyone can contribute to it in one
way or another,” she says.

PROGRAMMING LIFELIKE BEHAVIOR
Assistant professor of computer science Radhika Nagpal
also finds inspiration in biology. In particular, she is interested in
the complex harmony of biological systems, such as the cells of
the heart beating in synchrony or ants cooperating as a unit to
achieve a collective task. “You cannot destroy a colony by step-
ping on a few ants,” she says. “Can we build systems that have
that kind of robustness?” Many biological processes rely on coor-
dinated activities among independent individuals acting with-
out a distinct hierarchy or central command; Nagpal believes
that computer science has much to learn from this bottom-up
approach.

She works with biologists such as Donald Ingber, Folkman pro-

Like tiny flowers, micro-florets created in Joanna Aizenberg’s lab open and close in response to changes in environmental moisture.
These structures, their action controlled by a hydrogel “muscle,” can be used to catch and release tiny particles. 
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fessor of vascular biology and of bioengineering, to understand liv-
ing processes and then looks for ways to apply those guiding prin-
ciples to the design of computer systems and programmable struc-
tures that have properties of living organisms—such as sensing
their environment and adapting to it or repairing themselves. 

Robotics is an ideal area for creating artificial systems that
mimic biological behaviors. Nagpal programs modular robots to
work together to imitate the organization of groups of cells and
organisms in biology. She says that many di≠erent coordinated
processes in nature rely on similar principles; the individuals must
be able to come to an agreement based on what those around them
are doing. “They’re trying to create homeostasis,” she says.

She and her lab members have used these principles to program
modular robots to solve problems. In one example, a student con-
structed a table that keeps itself level, even when it is placed on
uneven surfaces, by means of cooperation among its separate
components. In another, a line of small robots, linked together,
are able to grasp a balloon gently by coordinating their move-
ments and pressure. The same principles could be used to build
structures that actively respond to their environment, such as a
bridge that keeps itself level or a structural support that becomes
stronger in response to greater pressure. Nagpal has used similar
algorithms to help networked computers keep the same time, and
thinks that such techniques could also help computers schedule
tasks and relay information over networks more e∞ciently. 

On a smaller scale, Nagpal imagines stents that can adjust
their pressure against the wall of an artery. The design of small-
scale programmable materials and devices is becoming more fea-
sible as engineers combine tiny sensors and actuators—compo-

nents that perform actions like shrinking, rotating,
or hinging. Tiny technologies like these underlie
small devices that sense their environment and re-
spond with appropriate behaviors, such as filaments that shrink
in unison, just as muscle cells contract. 

Like many other people working in bioengineering at Harvard,
Nagpal stresses the importance of finding collaborators and
seeking input from colleagues across disciplines. For many bio-
engineers, in fact, collaboration is a necessity, because specific
expertise in biology, physics, or math can be absolutely essential
to a project. Her students may present their work at hospitals or
math seminars to solicit new perspectives. Within SEAS, she
says, “It’s very easy to talk to people and find out what they’re up
to, and the connections happen really fast.” At the same time,
electronic communication makes it easier to maintain links to
other researchers whom she doesn’t see face-to-face.

“I really like all these opportunities, and there’s a lot of infor-
mal contribution,” she notes—but the bigger problems are, how
many people can one possibly interact with, and what’s the ideal
size of a network? In asking these questions, it’s clear that even
the living system of scientists at Harvard could serve as an inspi-
ration for Nagpal’s work. This freedom to look for ideas and re-
sources beyond a single discipline—whether the goal is to treat a
disease, design a computer network, or understand the structure
of cells—is what makes bioengineers across the University ex-
cited about the prospects of their field.

Freelance science writer Courtney Humphries reported on new bioimaging
techniques in the May-June 2008 cover story, “Shedding Light on Life.”

These principles could be used to build structures 
that actively respond to their environment, such as 
a bridge that keeps itself level.

Above: Radhika Nagpal with a sheet of dividing epithelial cells within a fruit fly’s wing. 
Her lab studies how cell networks form and then influence large-scale properties of tissues. 
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