
The Center for Biological Physics 
at UCLA 

The Center for Biological Physics at UCLA 
applies and adapts the methods of fundamental 
physics and mathematics to study basic questions 
in biology. Our seventeen faculty with 
appointments in Physics & Astronomy, 
Chemistry & Biochemistry, Engineering, 
Mathematics, and Physiology work together to 
perform research that simply cannot be 
undertaken by any one person. We believe that 
there are new frontiers at the boundaries of the 
physical and life sciences. We approach these 
frontiers by regarding living systems in a new 
light based on our background in the physics and 
physical chemistry. Thus, we do not intend find 
different answers to questions posed by our 
colleagues in the life sciences, but rather to ask 
different questions. 	


This evening in the lab is one of two yearly 
public events. The center also hosts a spring 
public lecture - please join our electronic mailing 
list for upcoming details. Finally, the center is 
grateful for the continuing support of the 
university, the dean of the physical sciences, and 
from the alumni and friends of the university. 
Please visit http://cbp.physics.ucla.edu to learn 
how you might play a larger role in our ongoing 
educational and research mission. And thank you 
for your attendance tonight. 	


Sincerely,	


!
Alex J. Levine	


cbpdirector@physics.ucla.edu	
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THE PHYSICS OF HEARING	
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BOZOVIC	


!!!!!!!! !

Professor Dolores Bozovic	

Dolores Bozovic received her Ph.D. in Physics from 
Harvard University in 2001 for her work with 
Professor Michael Tinkham on the electron transport 
in carbon nanotubes.  She then switched her focus 
from traditional condensed matter physics to 
biological physics during her postdoctoral studies at 
Rockefeller University (2001-2005), working in a 
sensory neuroscience laboratory under the direction 
of Professor Hudspeth. During that time, she 
explored the physics of hearing, particularly with 
respect to elucidating the role of nonlinear and active 
(molecular motor driven) mechanics underlying the 
ear’s remarkable performance. 	


She joined the UCLA physics department in the fall of 
2005. Today, she is an Associate Professor in the 
Department of Physics and Astronomy and the 
California NanoSystems Institute. The Bozovic lab 
focuses on problems at the interface between physics 
and sensory neuroscience. In particular, they study 
how auditory and vestibular systems perform 
mechanical sensing down to the nanometer level. They 
also have the ability to simultaneously monitor the 
electrical response of these cells, and thus study the 
transduction of mechanics to neural impulses. 	
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Remarkable Hearing 
A distant church bell 
rings in the country side. 
Standing at the bottom of 
bell tower, the priest 
pulling the bell rope 
encounters a pressure 
wave generated by the 
bell’s vibrations. The 
ringing is loud, but not 
entirely uncomfortable. 
His ears are detecting a 
signal delivering about 
one hundredth of a watt 
of power. For comparison, a typical light bulb 
consumes about a ten thousand times more power. 
Back in the countryside, about ten miles from town, 
you hear the bell too. Your ears are receiving about 
one hundred millionth of a watt, but there’s no 
question you hear it!  In fact, your left ear detects the 

ringing about 0.3 
milliseconds before your 
right now, allowing you 
to immediately 
determine the direction 
back to the church and 
town. But the church 
bell only distracts you 
for a moment, while you 
were tuning your violin. 	


The middle C note was 
sharp a bit, being off of 

perfect pitch by less than one percent. You can detect 
that too. Somewhere a fly buzzes and a cow lows — 
your ears detect pressure waves at frequencies 
separated by a factor of ten thousand. 	


Ears are remarkable detectors, being able to receive 
signals with a variation in power of about twelve 
orders of magnitude and covering a frequency range 
from 20Hz to 20,000Hz. At the lowest levels of 
detection, the motion of the air associated with the 
sound wave is the length of sixty atoms lined up next 
to each other. 	


Making an effort to Listen: 
Amplification,compressive 
nonlinearity,frequency 
selection, and 
spontaneous emission 

Hearing is unique among 
vertebrate sensory suite in that 
it uses an active mechanical 
process to amplify the sensory 
input. Active processes 
underlie many other of the 
remarkable features of 
hearing. Many 
receivers including 
radio antennas use 
electronic resonance to 
select and amplify a 
particular signal out 
collection of others. 
Tuning forks, in fact, 
can be set to vibration 
by the playing the note they produce, a mechanical 
resonance. Resonance alone, however, is insufficient to 
explain the physiological details of hearing. The 
mechanical sensors of the inner ear (hair cells — the the 
front cover) are, in essence, tiny tuning forks immersed 
in the a viscous fluid. Tuning forks are poor performer 
under water! This was pointed out by Thomas Gold who 
proposed an active feedback:	


Suddenly it dawned on me … the body would have 
invented positive feedback and a control system. It just 
came to me in a flash that nature is always so clever 
that if there is a way out of that dilemma [damping 
versus tuning] then that's what it's got to be — Thomas 
Gold (1948) 	


Professor Gold was right in principle. Hair cells are 
driven by internal nanoscale molecular motors, closely 
related to the motors that drive our muscles. Without 
their activity, the sensitivity range of hearing falls to less 
than one percent of their physiological values: you would 
never hear the church bells in the countryside.  In 
addition, this active control mechanism, compresses the 
amplitude of the hair cells’ oscillatory response.  With 
this effect, the priest’s hair cells had an amplitude of a few 
nanometers and remained undamaged by the loud bell,	


Hermann von Helmholtz 
(1821-1894) Physicist and 
Physiologist who made 
contributions to mechanics, 
electricity and magnetism, 
nerve physiology, and proposed 
a mechanical resonance based 
theory of hearing.

while your hair cells in the 
countryside moved fractions of a 
nanometer and still detected the 
weak waves, even though the 
power had decreased by a factor 
of ten million.  Your ability to 
tune the violin, or precisely 
identify the pitch of a voice 
depends critically on active 
processes as well, but perhaps 
the most dramatic example of 
activity is otoacoustic emission 
— in a quiet environment, your 
ears are softly singing. 	


The nonlinear mechanics 
of hearing 

One of the great joys of physics is 
observing the deep 
connections between 
seemingly disparate natural 
phenomena. While Gold, 
experimental biophysicists, 
physiologists, and others 
were exploring the 
properties of hearing, other 
physicists and 
mathematicians studied the 
properties of driven, 
nonlinear mechanical 
systems. Numerical experiments on computers helped to 
develop the ideas of chaos and fractal strange attractors, 
as well as the mode-locking of coupled nonlinear 
oscillators. One particular feature of nonlinear systems 
is the appears of dynamical bifurcations, points where 
the system’s dynamics changes discontinuously with the 
continuous change of a control parameter. An example 
is found in the transition from smooth flow to “rope-
coiling” in poured honey. This type of Hopf bifurcation 
may play an important role in fundamental 
mathematical models of hair cell dynamics.  Key 
experiments on the manipulations of individual hair 
cells by the Bozovic group may help to uncover these 
deep connections. 	
!

!!!!!!!
Electron 
micrograph of 
sterocillia — the 
sound detecting 
“hairs” of the hair 
cells.	


!!!!
Dynamical phase 
diagram of hair cell 
response. Measured 
by Bozovic lab.


