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Also, a new hierarchical video segmentation algorithm is proposed; it combines multiple 
optimization algorithms to quickly segment the foreground object, typically in ten seconds for 
a 200 frame video. 

Extracted foreground objects from different source videos can be composed together to 
create special visual effects. 

Furthermore, this system provides a variety of rendering tools to stylize the spatio-temporal 
foreground object and create a highly abstract cartoon with temporal coherence.

Future plans are to improve the user interface and make it possible to create other animation 
styles. Another goal is to make the program work better with hand-held cameras.EE

JUE WANg, gRADUATE STUDENT (EE)

FACUlTy ADvISOR: PROFESSOR EvE A.  R ISKIN

COllABORATORS: MIChAEl F.  COhEN (MICROSOFT RESEARCh) , PROFESSOR RIChARD lADNER (CSE)

RESEARCh AREA: IMAgE AND vIDEO PROCESSINg

gRANT/FUNDINg SOURCE: MICROSOFT

A PAINTINg-BASED USER INTERFACE hAS BEEN 

CREATED FOR ThIS SySTEM ThAT AllOWS ThE 

USER TO EASIly INDICATE ThE FOREgROUND 

OBJECT (IN ThIS ExAMPlE, ThE SKATEBOARDER) 

ACROSS SPACE AND TIME.

ThE SKATEBOARDER, ThE ElEPhANT AND ThE BAllET 

DANCER ARE ExTRACTED FROM ThREE SOURCE vIDEOS 

(lEFT) AND COMPOSED TOgEThER IN FRONT OF ThE 

STUDENT CENTER AT UW (RIghT).

ThIS SySTEM PROvIDES STylIzATION TOOlS TO 

CONSISTENTly TRANSFER ThE SKATEBOARDER 

INTO CARTOON STylE ThROUgh ThE WhOlE 

vIDEO.

A “video Tooning” system has been developed to transform an input video into space-time 
volume of image data. Optimization algorithms are efficiently employed to quickly cut out 
and stylize video objects into a cartoon-like style. Instead of processing a video frame-by-
frame, this system accumulates the video frames to create a 3-D data volume and directly 
processes the pixels in 3-D space (x, y, t). 

The system is composed of two main components: an interactive foreground extraction and 
a stylized video rendering. given an input video, the system first provides an efficient tool to 
allow users to quickly extract the dynamic foreground object. To achieve this, a novel painting-
based user interface has been developed to allow users to easily indicate the foreground 
object across space and time. 
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Animated imagery brings life to the screen. The stylized abstraction of 
reality one sees in animation adds an immediate impact that cannot be 
captured by simply pointing a video camera at a scene. But such animation 
is both labor intensive and requires considerable artistic skill. 

Video Tooning



Improving Hearing Aids  
 Through Modulation   
     Filtering

STEvEN SChIMMEl, gRADUATE STUDENT (EE)

CURRENT hEARINg AIDS AMPlIFy All 

SOUNDS EqUAlly. WITh MODUlATION 

FIlTERINg, ONly ThE SIgNAl OF INTEREST 

IS SElECTED AND AMPlIFIED. 

FACUlTy ADvISOR: PROFESSOR lES ATlAS

COllABORATORS: PROFESSOR PAM SOUzA (SPEECh & hEARINg SCIENCES) , JAy RUBINSTEIN (vMB hEARINg RESEARCh CENTER)

RESEARCh AREA: DSP /  hEARINg AIDS

gRANT/FUNDINg SOURCE: BlOEDEl hEARINg INSTITUTE, gAP FUND, WAShINgTON RESEARCh FOUNDATION

Through the use of a signal processing technique called modulation filtering, a hearing aid 
can separate the desired talker from background noise using the modulation spectrogram 
representation of the input signal. It then can filter out the signal of interest with a 
modulation filter that is tuned to the desired talker. 

In a preliminary subjective listening test, a prototype of this proposed algorithm significantly 
improved speech intelligibility.

This research can help users of hearing aids to focus on a single talker in situations 
with many interfering speech signals. As such, it contributes to the performance and 
usefulness of hearing aids in many everyday situations.EE

ElEMENTS OF ThE MODUlATION SPECTROgRAM ThAT 

REPRESENT FEATURES OF INDIvIDUAl SPEAKERS PRESENT IN 

ThE SIgNAl. NUMBERS 1-3 REPRESENT PITCh FUNDAMENTAl, 

PITCh hARMONIC AND AlIASED PITCh OF ThE FIRST SPEAKER, 

WhIlE NUMBERS 4-5 REPRESENT PITCh FUNDAMENTAl AND 

PITCh hARMONIC FOR ThE SECOND SPEAKER.

Current hearing aids amplify all incoming sounds in equal fashion. This works fine when 
there’s only a single talker, but it is detrimental to intelligibility in the presence of many 
interfering talkers, like in a restaurant or at a cocktail party. To be useful in those situations, 
hearing aids such as conventional behind-the-ear hearing aids and cochlear implants, 
must distinguish between the desired talker and the background babble.
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Users of hearing devices commonly complain that they are unable to focus on 
a single talker in situations with many interfering talkers. Hearing devices 
augmented with modulation filtering overcome this problem by selectively 
amplifying only the talker of interest.



FACUlTy ADvISOR: PROFESSOR vIKRAM JANDhyAlA

COllABORATORS: D IPANJAN gOPE ( INTEl CORPORATION)

RESEARCh AREA: COMPUTATIONAl ElECTROMAgNETICS

gRANT/FUNDINg SOURCE: DARPA, NSF, INTEl, UW TgIF

For years, boundary element-based solutions of Maxwell’s equations were used. 
however, due to significant algorithmic and computational science breakthroughs, 
speed and memory efficiency required for simulation and design cycle acceleration of 
large-scale detailed electronic structures are now available. 

The Applied Computational Electromagnetics lab has developed an accelerated 
boundary element-based 3-D full-wave EM simulator named PIlOT (Predetermined 
Interaction list Oct Tree). This simulator deals with the classical problem of dense 
matrices in boundary element techniques using a robust multi-level low-rank tree-based 
decomposition algorithm. This leads to an extremely fast matrix setup and a solution 
with linear complexity and memory use in problem size. PIlOT is fully scalable on 
parallel architectures, and connects directly to circuit simulation tools. It can compute 
electromagnetic parasitics with more than a million unknowns in ten minutes, which is 
about 50 times faster than commercial technologies. PIlOT also simulates complex 
microelectronic structures from the Air Force Research labs, hughes Research labs, 
Intel, Mayo Foundation, Rockwell Scientific, Intel, IBM and NASA. 
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PILOT:        A Hierarchical
  Electromagnetic and   
 Signal Integrity Simulator for 
Microelectronics and Beyond

SWAgATO ChAKRABORTy AND ChUANyI  yANg,  gRADUATE STUDENTS (EE)

Rapid increase in clock-speed and packaging density have increased the 
electromagnetic (EM) effects in cross-talk, substrate coupling and in the 
radiation of integrated circuits and packages. Consequently, accurate and 
efficient modeling is mandatory to maintain the desired level of signal 
integrity in emerging micro and nano electronic designs.

A ChARgE PlOT OF A DENSE PACKAgE 

lEADS STRUCTURE WhERE 28 lEADS 

WERE ExCITED. PIlOT ENABlES S-

PARAMETER COMPUTATION OF PACKAgE 

lEAD INTERACTION AND CROSSTAlK, AND 

PERMITS ChIP-PACKAgE CO-SIMUlATION.

CURRENT PlOT OF A CO-PlANAR MUlTIPlE 

INDUCTOR STRUCTURE; ThE SPIRAl INDUCTOR 

AT ThE lEFT CORNER WAS ExCITED. PIlOT 

ENABlES qUAlITy FACTOR AND CROSS-TAlK 

SIMUlATION FOR MUlTIPlE INDUCTOR USE IN 

OSCIllATOR AND WIRElESS SySTEM DESIgN.

4

The technology of PIlOT enables rapid 
simulation of distributed effects in integrated 
systems. It is currently being enhanced 
for rapid multi-physics modeling. This will 
enable the high-impact simulation of mixed-
technology systems involving microfluidics, 
biological systems interaction, quantum dots 
and electrical nanostructures.EE
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hENRy lOUIE, gRADUATE STUDENT (EE)

Design of Distributed
 Energy Systems –

Computers integrate two data storage devices in their operation through cache 
control, which works by allocating data between the fast, expensive Random Access 
Memory (RAM), and the slow, inexpensive hard disk. The cache controller places 
frequently used data in the RAM, while storing the rest in the hard disk. This use of 
multi-level data storage results in a computer that is quick and has a large capacity. 

Educational Analogies Derived 
from Computer Systems

WIND POWER PlANT WITh MUlTI-

lEvEl ENERgy STORAgE.

1. ThE FIRST PlOT ShOWS A COMPARISON 

BETWEEN ThE SChEDUlED POWER OUTPUT 

(DAShED lINE) AND ThE POWER FROM ThE 

WIND. ThE SECOND PlOT INDICATES ThAT WITh 

MUlTI-lEvEl STORAgE, ThE POWER OUTPUT 

CAN TRACE ThE SChEDUlED POWER. 

2. ThE FIRST PlOT IS ThE POWER REqUIRED 

FROM ThE MUlTI-lEvEl STORAgE. ThE 

SECOND AND ThIRD PlOTS ShOW POWER 

AllOCATION BETWEEN ThE FlyWhEEl AND 

FUEl CEll, RESPECTIvEly.

FACUlTy ADvISOR: PROFESSOR KAI  STRUNz

RESEARCh AREA: POWER AND ENERgy SySTEMS

gRANT/FUNDINg SOURCE: ROyAlTy RESEARCh FUND

The flywheel acts like RAM, absorbing or supplying the rapidly fluctuating 
portion of the power. The hydrogen storage through the use of a fuel 
cell or electrolyzer acts like a hard drive, accommodating the bulk of the 
power. The output of the power plant and the allocation of energy between 
devices are shown.

The strong analogy between data storage and energy storage at the 
device and functional level has been formed. This has been exploited for 
the synthesis of a multi-level energy storage system for use in a wind 
power plant. The value of the analogy as an instructional aid is currently 
being evaluated.EE

1 2

An analogy between data and energy can be used to synthesize cache control for energy storage systems. 
like RAM in data storage, energy storage devices such as flywheels have fast response times, but are 
expensive. An energy analogy of hard disks is hydrogen storage, which is inexpensive, but has a slow response 
time. like a computer’s use of RAM and hard disk, both energy storage device types can be used to achieve 
acceptable performance for a reasonable cost. This multi-level storage has an immediate application to wind 
power plants.

The variability of wind speed makes it impractical to schedule the power output of wind power plants. 
however, the integration of a multi-level energy storage system will allow a schedule to be followed. 
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FACUlTy ADvISOR: PROFESSOR KAI  STRUNz

COllABORATORS: T IMOThy ChAO (B IOE) , l IyANg ChEN (EE) , JENNy lU (BUSINESS) , gREg MARTIN (v ISUAl COMMUNICATION DESIgN) , 

 Cl INT NElSON (C Iv IlE) , JUSTIN REED (EE) , BRANDON RENFROW (COMPUTER SCIENCE)

RESEARCh AREA: WIND POWER AND hyDROgEN

gRANT/FUNDINg SOURCE: NATIONAl SCIENCE FOUNDATION RESEARCh ExPERIENCES FOR UNDERgRADUATES

Integrated Urban 
Hydrogen Power Park

AlEx zhENg, UNDERgRADUATE (COMPUTER ENgINEERINg)

A growing number of problems have surfaced in recent years due to fossil fuel 
consumption, motivating the energy industry to search for new alternatives. 
The need for a clean, easily generated, cost-effective replacement has 
encouraged continued research into the use of hydrogen fuel.

Traditionally, clean energy options have been very limited in urban areas. This project focuses 
on the need to bring clean, affordable hydrogen to such areas by creating a flexible, efficient 
system that uses a modular, vertically integrated design framework. By harnessing the 
untapped wind power on the roof of a skyscraper, a clean, renewable source of electricity 
was gained without creating a large footprint on valuable urban real estate. Four vertical-axis 
wind turbines were used to power a medium-sized hydrogen production operation. 

AN IllUSTRATED ExAMPlE OF A SKySCRAPER 

EqUIPPED WITh ThE PROPOSED hyDROgEN 

PRODUCTION SySTEM.

The design was integrated with the skyscraper’s electrical system, feeding 
excess electricity directly to the skyscraper or to the grid, and drawing 
grid power when wind power supplies were low. The advantages of a 
vertically integrated, modular design are in the ability to make efficient 
use of real estate and to customize the system to different areas and 
demands. An electrolyzer, compressor and several storage tanks are 
put in a previously unused basement, forming the production center. An 
electrolyzer generates hydrogen from electricity and water, which is then 
compressed for storage. The hydrogen is piped to a hydrogen dispenser 
where it is distributed. The design supports the fueling of 10 to 50 typical 
hydrogen cars a day. 

This project received honorable mention at the 2005 international h2U 
Student Design Contest sponsored by the National hydrogen Association, 
Chevron-Texaco and the U.S. Department of Energy. The team was 
recognized “for the brilliant innovation, technical aptitude and superior 
originality in the design of a next-generation hydrogen power park.”EE

AN AD FOR A hyPOThETICAl COMPANy 

ThAT WAS DESIgNED FOR ThE 2005 

INTERNATIONAl h2U STUDENT DESIgN 

CONTEST.

6



While sensor localization has been extensively explored for 
benign environments, enabling position estimation for sensors 
in the presence of adversaries has not been addressed. 
Attacks against the localization process not only disassociate 
the collected observations from the true location of sensors, 
but also inflict cross-layer vulnerabilities to location-dependent 
protocols of higher layers. 

To ensure robust location estimation, a secure range-independent 
localization algorithm called SeRloc was developed. SeRloc 
relies on a two-tier network architecture. The network consist 
of a set of sensors of unknown location, and a set of nodes 
equipped with directional antennas called “locators,” with 
known location and orientation. Both the sensors and nodes 
are randomly deployed in the FoI. In SeRloc, sensors passively 
estimate their position based on beacons transmitted from the 
locators. Each beacon contains localization information that 
defines the sector antenna where the beacon transmission 
took place. The center of gravity of the convex intersection of 
the sectors heard is chosen as the sensor location.

By analyzing the space of possible attacks against SeRloc, 
we showed that cryptography alone is not sufficient to secure 
the localization process. Instead, lightweight cryptography was 
combined (such as hashing and symmetric encryption/decryption 
with deployment statistics) to allow sensors to detect attacks 
on the localization like the wormhole and Sybil attack. We also 
analytically evaluated the level of security achieved by SeRloc 
using Spatial Statistics theory. 

Securing the localization process is an essential requirement for 
providing secure network services. As the size of the sensor 
devices decreases, computational and energy resources 
become limited, so security becomes a challenging problem. 
To address this, secure localization methods that combine 
cryptography with multiple consistency checks on invariant 
physical properties must be developed.EE

Locating Sensors among    
 Adversaries – 

lOUKAS lAzOS,  gRADUATE STUDENT (EE)

FACUlTy ADvISOR: PROFESSOR RADhA POOvENDRAN

RESEARCh AREA: SECURITy IN WIRElESS SENSOR NETWORKS

gRANT/FUNDINg SOURCE: DEPARTMENT OF DEFENSE (DOD)

Wireless sensor networks monitor physical properties in a Field of Interest 
(FoI) such as temperature, humidity and motion. In order to extract meaningful 
information from the collected observations, the sensed data must be correlated 
with space. When sensors are stochastically deployed, they must estimate their 
location via a process known as localization. This research focuses on the problem 
of providing secure localization services for wireless sensor networks.

EACh lOCATOR BROADCASTS 

A BEACON CONTAININg ThE 

COORDINATES AND SlOPES OF ThE 

lINES ThAT DEFINE ThE SECTOR 

WhERE ThE TRANSMISSION TAKES 

PlACE. ThE SENSOR hEARS 

lOCATORS l1 - l4 AND ESTIMATES 

ITS lOCATION TO BE ThE CENTER 

OF gRAvITy FOR ThE REgION OF 

INTERSECTION. 

ThE SENSOR DEFINES A SEARCh 

AREA WhERE IT WIll ATTEMPT 

TO lOCAlIzE ITSElF BASED 

ON ThE COORDINATES OF ThE 

lOCATORS IT hEARS, AND ThE 

COMMUNICATION RANgE R OF 

EACh lOCATOR. IT ThEN PlACES 

A FINE gRID OF EqUAlly SPACED 

POINTS WIThIN ThE SEARCh 

AREA. 

ThE SENSOR PERFORMS A gRID-

SECTOR TEST FOR EACh POINT OF 

ThE SEARCh AREA AND FOR EACh 

lOCATOR. IF A POINT IS INClUDED 

INSIDE A SECTOR, ITS vAlUE ON 

A CORRESPONDINg TABlE IS 

INCREASED By ONE. ThE DEFINED 

REgION OF INTERSECTION IS 

BASED ON MAJORITy vOTE.

SeRLoc 
to the Rescue
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8

Watermarking is one technique to trace unauthorized leakage of EhR back to the offenders. For 
tracing purposes, watermarking medical images must satisfy stringent fidelity requirements to 
ensure diagnostic quality and high robustness. Furthermore, groups of medical professionals 
often collaborate, making group communication a common practice in providing medical 
service. 

Because of the nature of a multi-user clinical environment, an efficient watermarking scheme 
suitable for a many-to-many multicast scenario is proposed, where a broadcast copy is of 
diagnostic value only after being decoded by the authorized watermark key holders. During the 
process of decoding, two fingerprints are imprinted onto the image; one that corresponds to 
the original sender, and another that corresponds to the recipient performing the decoding. 

This scheme is scalable in user storage and watermark key update communication. It requires 
only one watermark key to be stored by each user for each group, and no watermark key 
update is required when a member joins.

M INgyAN l I , gRADUATE STUDENT (EE)

in Multiuser Environments

Privacy Protection
  Electronic Healthcare

Privacy protection of electronic health records (EHR) has become a pressing 
social issue after the HIPAA (Health Insurance Portability and Accountability 
Act) took effect in April 2003. Though current research on privacy protection of 
medical images addresses secure storage and secure transmission before reception, 
authorized recipients can breach patient privacy by releasing medical images to 
unauthorized parties. Therefore, the ability to trace medical images is essential in 
order to prevent unauthorized image leakage. 

A PROPOSED FINgERPRINT MODEl ThAT TRACES MEDICAl IMAgES 

WhIlE MAKINg USE OF COMMUNICATION EFFICIENCy OF A MUlTICAST. 

NOTE ThAT A BROADCAST IMAgE IS INTENTIONAlly “NOISy” TO 

ENFORCE ThE DECODINg PERFORMED By RECIPIENTS BEFORE 

OBTAININg AN IMAgE OF DIAgNOSTIC vAlUE. ThE DECODINg PROCESS 

EMBEDS ThE WATERMARKS OF ThE RECIPIENT’S AND ThE SENDER’S 

TO A FINgERPRINTED IMAgE. 

FACUlTy ADvISOR: PROFESSOR RADhA POOvENDRAN

RESEARCh AREA: SECURITy AND PRIvACy IN MUlTI -USER ENvIRONMENTS 

gRANT/FUNDINg SOURCE: NSF AND ARO

Simulation results conducted on 31 images of 
five modalities confirm that the fingerprinted 
images are of higher quality when compared 
to 10:1 JPEg compressed images, in terms 
of three image quality indices: peak signal to 
noise ratio (PSNR), quality index (qI) and mean 
squared Moran error (MSME). Meanwhile, the 
fingerprinted images withstand various image 
processing such as low pass filter (lPF), high 
pass filter (hPF), JPEg compression, cropping 
and averaging attack.EE

of
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lDPC codes are emerging as standard methods of channel encoding and error correcting for 
many wireless standards due to their near Shannon-limit error correction performance. The 
lDPC block-parallel message passing decoding algorithm and its fully-parallel implementation 
architecture yield the high-throughput error-correction capability necessary for large-volume 
communication and data storage applications. however, the implementation also leads to 
challenges in hardware implementation, especially for large amounts of interconnection 
resources.

The 3-D circuit seen below is a promising technology that addresses interconnection issues. 

9

3-D Integrated  
 Circuits

lIl I  zhOU, ChERRy WAKAyAMA, 
 NUTTORN JANgKRAJARNg, BO hU, gRADUATE STUDENTS (EE)

3-D technology can potentially improve routing and area restrictions in current 
layout techniques. A 1024-bit fully parallel low-density parity-check (LDPC) 
code decoder has been designed and implemented using a 3-D CMOS technology. 
This 3-D decoder, with about 8M transistors, was designed to have a 2Gb/s 
throughput. 

FACUlTy ADvISOR: PROFESSOR RIChARD ShI

COllABORATORS: MIT lINCOlN lAB

RESEARCh AREA: 3-D ASIC DESIgN AND CAD, lDPC DECODER DESIgN 

gRANT/FUNDINg SOURCE: DARPA AND SPAWAR

It is composed of multiple active circuit layers that are vertically 
stacked to allow shorter interconnection paths. however, because 
design methodologies and CAD tools for 3-D ASIC designs are 
immature or not readily available, 3-D placement tools have been 
developed. These tools can minimize the area, routing density, total 
wire length and 3D-via usage. Programs have also been created 
for 3-D routing, buffer insertion and circuit-versus-schematic (CvS) 
checking.

CROSS-SECTION OF ThREE 

TIERS INTEgRATED TO FORM 

A 3-D CIRCUIT.

lAyOUT vIEW OF ThE FINAl 3-TIER DESIgN.

The significance of this work is three-fold: (1) it 
is the first large-scale 3-D ASIC implementation, 
(2) 3-D IC process with three-tier integration was 
shown to yield an order of magnitude improvement 
over the corresponding 2-D process, in terms of 
power-delay-area product, and (3) an automated 
3-D design flow has been developed and used to 
implement large-scale silicon ASIC design.EE



A phased array is one type of multiple-antenna system, which transmits (or receives) 
the same signal on each antenna, but adjusts the relative phases and amplitudes. The 
constructive/destructive interference between these signals shapes the radiation into a 
beam. By adjusting the relative phases and amplitudes, the beam of radiated power can 
then be steered to “focus” it onto the desired user. This minimizes wasted power and 
increases the signal to noise ratio, thus enabling higher data rates.
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Calibration of Phased Arrays   
 for High Data Rate Wireless   
     Communications

CAMERON ChARlES, gRADUATE STUDENT (EE) 

As wireless communications standards evolve, data rates increase significantly 
with each new generation. The 2G cellular standard accommodates data rates 
up to 20KBps, while the forthcoming 4G standard is expected to mandate 
data rates up to 1GBps. This trend forces engineers to find ways to increase 
data rates over wireless channels. As traditional time and frequency domain 
methods are exhausted, engineers are turning to spatial methods. One spatial 
method that shows great promise is the use of multiple-antenna transceivers.

AN IllUSTRATION OF A PhASED ARRAy TRANSMITTER IN OPERATION. ThE 

ElECTROMAgNETIC RADIATION OF EACh ANTENNA IS DEPICTED By ThE 

CONCENTRIC RED AND BlUE CIRClES (DENOTINg ThE WAvE MAxIMUMS 

AND MINIMUMS, RESPECTIvEly). CONSTRUCTIvE INTERFERENCE OCCURS 

WhERE ThE COlORS COINCIDE RESUlTINg IN ThE FORMATION OF A 

RADIATION BEAM (ShOWN IN gREy), WhICh CAN BE STEERED TOWARD ThE 

DESIRED USER.

Phased arrays rely on the ability to accurately set the relative phases and amplitudes 
in the different signal branches. Errors and mismatches create non-idealities in 
the radiation pattern, such as beam pointing error and reduced directivity. This 
requires a system for quickly and accurately setting the phase and amplitude in 
each branch of a phased array. The possibility being explored is to employ dual 
feedback loops: the first operates on the phase of the output and generates the 
phase shifter control voltage, and the second operates on the amplitude of the 
output and generates the variable gain amplifier control voltage. The inputs to the 
system are the desired phase and amplitude, and the negative feedback action of 
the loops forces the control voltages to settle to their required values.

Phased arrays are primarily used for radar and other specialized applications, and 
often use discrete components or costly compound semiconductor technology. The 
possibility of implementing key components of a phased array in CMOS technology 
opens the door for the widespread adoption of phased arrays in communications 
applications. This research currently implements phase and amplitude control for 
a transmitter. The next step will integrate the system with the other transmitter 
components and then test the unit as a whole.EE

ThE SySTEM WIll BE TESTED USINg A ChIP-

ON-BOARD PACKAgINg METhOD WhERE 

ThE SIlICON DIE IS WIRE-BONDED DIRECTly 

TO A PRINTED CIRCUIT BOARD, AllOWINg 

MEASUREMENTS TO BE TAKEN By PROBINg 

ThE DIE. ThE UPPER lEFT INSET IS AN 

ENlARgED vIEW OF ThE WIRE-BONDED DIE ON 

ThE PRINTED CIRCUIT BOARD. ThE lOWER 

lEFT INSET IS AN ENlARgED vIEW OF ThE 

SIlICON DIE (ThE WhITE SqUARES ARE ThE 

PADS USED FOR PROBINg).

FACUlTy ADvISOR: PROFESSOR DAvID J.  AllSTOT

COllABORATORS: JAy RAJAgOPAlAN

RESEARCh AREA: RADIO FREqUENCy INTEgRATED CIRCUIT DESIgN

gRANT/FUNDINg SOURCE: INTEl CORPORATION



In an attempt to understand self-assembly in an extremely simple environment, a set of triangular 
robotic tiles that float on a frictionless air table has been constructed. These tiles are supposed to 
model molecules in a chemical reaction or proteins in a cell. Oscillating fans mix the tiles randomly and 
when the tiles collide, they latch. Once latched, the tiles can communicate with one another, decide 
whether or not to stay together, and either remain latched or break apart. By programming the tiles 
with different decision-making algorithms, a variety of final structures can be predictably produced.

Whether or not tiles interact and decide if they should stick together is analogous to macromolecules 
forming or breaking bonds and changing their internal structure when they interact with one another. 
By studying assembly processes involving these tiles, fundamentals about molecular self-assembly 
can be learned.

Progress has been made in determining efficient pathways for some assembly processes, which 
could be used to optimize the assembly of geometric structures like viral capsids. The goal of this 
research is to optimize assembly processes for these tiles and apply that information to other 
assembly contexts.EE
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SAM BURDEN, UNDERgRADUATE (EE)

Self-Assembling
    Robots

FACUlTy ADvISOR: PROFESSOR ERIC KlAvINS

RESEARCh AREA: SElF-ASSEMBly

gRANT/FUNDINg SOURCE: NSF

IMAgES ShOWINg SIMUlATED 

ROBOTIC TIlES PROCEEDINg FROM 

A DISCONNECTED STATE TO A FINAl 

TRIANgUlAR ASSEMBly.

11

Self-assembly is a phenomenon that occurs in a variety of contexts in nature, 
motivating chemical reactions and cell metabolism. If one could engineer these 
types of processes, constructing an integrated circuit would be as simple as 
throwing a million tiny identical components in a beaker and gently shaking it. 
The Self-Organizing Systems Lab is studying the mathematical underpinnings 
of self-assembly. It seeks to direct disparate systems like DNA molecules and 
passive robots to organize in specified ways using similar formal models.
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ThOMAS MACKEl, gRADUATE STUDENT (EE)

Markov Models 
  to Perform 
Clinical Skills Assessment

Inspired by an analogy between medical procedure and spoken language, Markov 
Models were used to classify subjects using the E-Pelvis simulator (Stanford) 
with 92% accuracy. Certain model aspects revealed information about the 
medical procedure’s “grammar,” which will help develop a more compact model 
representation and a generalized methodology.

FACUlTy ADvISOR: PROFESSOR JACOB ROSEN

COllABORATORS: PROFESSOR BlAKE hANNAFORD (EE)

RESEARCh AREA: SURgERy

gRANT/FUNDINg SOURCE: US ARMy MEDICAl RESEARCh AND MATERIEl COMMAND

SKIll FACTOR PlOT ShOWINg ThE ClASSIFICATION RESUlTS 

OF 82 SUBJECTS. ThOSE ON ThE TOP lEFT OF ThE DECISION 

BOUNDARy ARE ClASSIFIED AS NOvICE, WhIlE ThOSE TO ThE 

BOTTOM RIghT ARE ExPERTS. ThE ACTUAl SKIll lEvEl OF 

EACh SUBJECT IS REvEAlED AFTER DETERMININg ThE RESUlT.

This skill assessment technique is heading towards handling larger 
dimensional data with many more syllables, as well as extending the 
number of classes beyond two. Another possible direction is to work 
on identifying “words” and “sentences” of the procedure, and using 
this information to simplify the models.EE

Complicated medical procedures are a series of less complex sub-procedures, like “tying a 
knot,” or “cutting tissue.” These sub-procedures are a series of even more simple gestures, 
and gestures are a series of specific measurable forces. Forces (syllables), gestures (words), 
sub-procedures (sentences), and procedures (paragraphs) form the basis of the “language” 
of medical procedure.

Starting with force data obtained from experts performing an actual medical procedure, each 
continuous value data point is quantified to 1 of 32 discrete states, which are referred to as 
“syllables.” This is analogous to each syllable having many different possible “pronunciations.” 
A model of the expert data consists of the frequency of all expert syllable transitions, and the 
mean and covariance of the pronunciations associated with each syllable. A similar model is 
created from novice force data.

Force data taken from an unclassified subject is then used to make a third model, like the 
above two. Comparing the unclassified subject’s model to the expert model yields an “Expert 
Skill Factor (ESF),” which represents how closely the subject’s performance matched the 
performance of the aggregate of expert subjects. A Novice Skill Factor (NSF) is determined 
as well. Plotting the ESF vs. NSF shows a quantitative comparison of skill, referred to as the 
Performance Index, for multiple subjects.

12
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As a proof of concept for neural control (sEMg), two prototypes of exoskeleton 
arms were developed. The first prototype produced a single-joint (elbow) exoskeleton 
controlled by sEMg signals from the bicep and tricep muscles. The second prototype 
included two additional degrees of freedom at the shoulder.

The current seven degree-of-freedom (DOF) exoskeleton, serving as a wearable robot, is composed of seven 
cable-driven aluminum links. 

Development of a

An exoskeleton is a wearable external robot with joints and 
links corresponding to those of the human body. Through the 
use of gravity compensation, the exoskeleton supports the weight 
of itself, the human arm, and externally applied loads while the 
human controls its motion through neural inputs using surface 
electromyography-based (sEMG-based) or impedance-based 
control algorithms. 

FACUlTy ADvISOR: PROFESSOR JACOB ROSEN

COllABORATORS: PROFESSOR BlAKE hANNAFORD (EE) , DR.  STEPhEN BURNS (REhAB.  MED. )

RESEARCh AREA: CONTROlS AND ROBOTICS

gRANT/FUNDINg SOURCE: NATIONAl SCIENCE FOUNDATION

ThE 7 DOF ExOSKElETON ARM IS CONNECTED TO 

ThE USER AT ThE ThREE INTERFACE POINTS: ThE 

hAND, FOREARM, AND UPPER ARM. INTERFACE 

CONTACT FORCES, JOINT POSITIONS, AND SEMg 

SIgNAlS ARE USED TO CONTROl ThE ROBOT AS A 

NATURAl ExTENSION OF ThE OPERATOR’S ARM.

7 DOF Upper-Limb
Exoskeleton

Complex pulley arrangements transmit torques from motor space to joint 
space. Shoulder and elbow transmissions are implemented with two-
stage pulley reductions, while wrist joint transmissions use single-stage 
planetary gear reductions followed by single-stage pulley reductions. 
Proximal placement of motors effectively minimizes weight and inertia 
of moving segments whereas distal placement of pulley reductions 
maximizes transmission stiffness. 

An underlying gravity compensation algorithm is used to cancel 
gravitational effects while a higher-level control law is used to calculate 
additional desired joint torques. Contrary to most gravity compensation 
implementations, no known position trajectory is fed to the controller, 
eliminating the possibility of correcting steady-state errors through 
feedback. As a wearable robot that is physically attached to the human 
body, the exoskeleton naturally follows the operator’s command. Using 
a muscle modeling approach with myoprocessors as its core elements, 
the system predicts joint torques from sEMg signals while using an 
impedance control law.

Among the exoskeleton’s potential applications, the proposed control 
strategy will enable persons with neuromuscular impairments to 
improve and potentially regain upper-limb function and mobility. Potential 
applications that will be further studied include rehabilitation and automatic 
physiotherapy, as well as using the exoskeleton as a haptic device while 
generating force feedback in virtual reality environments.EE
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JOEl C.  PERRy, lEvI  M.  MIllER, gRADUATE STUDENTS (ME)
 BOBBy DAvIS, gRADUATE STUDENT (EE)



Reducing intra-operative or acute injury that can occur during routine tissue manipulation 
with surgical graspers may help to avoid unnecessary long-term consequences. Therefore, 
identification of relevant stress magnitudes and durations that can be safely applied to tissues 
may help improve MIS device design.

By measuring tissue damage as a function of stress magnitude and duration in commonly 
manipulated organs, safe stress “thresholds” can be identified and applied during minimally 
invasive surgery. The initial step to this project involved designing an appropriate methodology 
and analyzing it with preliminary studies. Combinations of experimental and analytical approaches 
were used to address these goals. Measured stresses, within the range of stresses typically 
applied with graspers by surgeons, are applied in vivo to pig liver, small bowel and ureter using 
the computer-controlled Motorized Endoscopic grasper (MEg) developed in the UW Biorobotics 
laboratory. 

histological methods and image analysis are used to measure acute injury in the compressed 
tissues based on inflammation, coagulation and cellular death. Finite element modeling is used to 
approximate stress distributions under the MEg’s grasper jaws for a more accurate correlation 
of stress to tissue damage. 

Multiple models will be created for each organ, with a stepwise increase in model complexity. 
Statistical analysis, including analysis of variance, is used to identify stress magnitudes and 
durations that cause significantly increased acute damage to organs. 

Initial results indicate an appropriately sensitive methodology. Preliminary results produced 
expected finite element models and nonlinear relationships between stress and damage, 
suggesting that it may be possible to identify safe stress thresholds.EE

E
E

K
 E

l
E

C
T

R
IC

A
l

 E
N

g
IN

E
E

R
IN

g
 K

A
l

E
ID

O
S

C
O

P
E

 2
0

0
6

14

FACUlTy ADvISOR: PROFESSOR BlAKE hANNAFORD

COllABORATORS: PROFESSORS MIKA S INANAN (SURgERy) , PAUl SWANSON (PAThOlOgy) , 

 JACOB ROSEN (EE)  AND gEORgE TURKIyyAh (C Iv Il  ENg)

RESEARCh AREA: MINIMAlly INvASIvE SURgERy

gRANT/FUNDINg SOURCE: NSF, ARMy, CENTER FOR v IDEOENDOSCOPIC SURgERy, DEPARTMENT OF ANATOMIC PAThOlOgy

Measurement 
 of Grasper-Induced 
Tissue Damage

SMITA DE, gRADUATE STUDENT (B IOENg)

The use of minimally invasive surgical (MIS) techniques has greatly increased over 
the last couple of decades due to a number of patient benefits. However, limited 
force feedback in MIS tools (including surgical robots) may lead to inadvertent 
excess stress application by a surgeon and clinically significant tissue injury. 

CAD DRAWINg OF ThE MEg, INSET ShOWS PhOTOgRAPh 

OF ThE MEg gRASPINg SMAll BOWEl DURINg AN IN 

vIvO ExPERIMENT.

A) h&E STAINED SECTION OF IN vIvO lIvER WITh A vERTICAl 

COMPRESSION OF 197 KPA. gREEN BAR=WIDTh OF gRASPER 

JAWS. B) 2D STATIC FEM WITh PROPERTIES OF lIvER AND 

A 200 KPA vERTICAl STRESS, SIMIlAR TO A (MAgNITUDE 

SCAlE IS ON RIghT). NOTE vARIED STRESS DISTRIBUTION 

APPROxIMATED By FEM AND CORRElATION OF vASCUlAR 

DAMAgE (BlEEDINg) TO STRESS CONCENTRATIONS IN ThE 

lIvER SECTION (A).



It has been shown that the inclusion of haptics in a shared 
virtual environment increases the task performance and 
virtual presence felt by the users. Previous work in this 
area includes systems with impulsive force rendering and 
haptic media synchronization techniques such as intra-
media, inter-media and group synchronization control. 

The collaborative haptic control of a two-user, one degree 
of freedom, simplified collaboration setup is explored in this 
work. The experimental setup consists of a cube that is 
free to move along one degree of freedom on a floor inside 
a three dimensional room rendered using Opengl. A similar 
virtual environment was displayed for the second user on 
a separate computer. The display also includes a target 
sphere that both users jointly track during the experiment. 
Two PhANToM Omni haptic devices were used to interact 
with the cube. Three different virtual coupling schemes for 
position coherency were wasted: distributed architecture 
(Scheme 1), peer-to-peer architecture (Scheme 2), and a 
centralized or client-server architecture (Scheme 3). 

The performance of all three approaches was evaluated 
experimentally, using ten volunteers. A fixed set of virtual 
coupling parameters was used. Position coherence in 
terms of peak and RMS position error between the two 
cubes was computed for each method. As expected, the 
centralized architecture had the lowest position error. The 
distributed architecture resulted in a position error only 
slightly higher than the centralized architecture, for the 
delays that were tested in this work. The peer-to-peer 
method had substantially higher position errors.

It has been demonstrated that a distributed control 
architecture can achieve a comparable performance to 
that of a client-server approach. Networks like the Internet 
have time-varying delay, and communication packets 
could be lost or arrive out of order. The next step is to 
investigate this.EE

15

E
E

K
 E

l
E

C
T

R
IC

A
l

 E
N

g
IN

E
E

R
IN

g
 K

A
l

E
ID

O
S

C
O

P
E

 2
0

0
6

Haptics in a Shared
 Virtual Environment

gANESh SANKARANARAyANAN, gRADUATE STUDENT (EE)

Haptic systems provide a sense of touch as feedback signal for the operator of 
a device. The device might be physical, such as a remotely operated robot, or 
a virtual object. When there are two or more operators in a networked haptic 
environment, maintaining position coherency between the copies of the virtual 
object is necessary to achieve consistency in collaboration. This is especially 
important in the presence of time delays. Three virtual coupling schemes were 
introduced in this work to maintain position coherency. Experimental results 
demonstrate their effectiveness.

FACUlTy ADvISOR: PROFESSOR BlAKE hANNAFORD

COllABORATORS: STEvEN vENEMA, J IM TROy AND KEvIN PUTERBAUgh –  BOEINg 

RESEARCh AREA: COllABORATIvE hAPTICS, TElEOPERATION

gRANT/FUNDINg SOURCE: BOEINg

ThIS FIgURE ShOWS ThE ThREE vIRTUAl COUPlINg SChEMES. SChEMES 1 

AND 2 ARE PEER-TO-PEER ARChITECTURE, AND SChEME 3 IS ClIENT-SERvER 

ARChITECTURE.

ThE RMS POSITION ERROR 

BETWEEN ThE TWO CUBES. 

SChEME 1 hAS A COMPARABlE 

PERFORMANCE TO SChEME 3 

FOR DElAyS UP TO 200 MS.

gANESh SANKARANARAyANAN AND SMITA DE, 

gRADUATE STUDENTS AT ThE BIOROBOTICS 

lABORATORy ARE COllABORATINg USINg ThE 

ExPERIMENTAl SETUP.



The first generation of surgical robots made a significant step toward 
integrating robotics and medicine. however, some of these systems were large 
and overbuilt. The BioRobotics lab (BRl) is working on the next generation 
in surgical robotics. Primary electronics and a mechanism optimized for the 
requirements of minimally invasive surgical (MIS) procedures are in place. The 
BRl is currently working on control software, teleoperative control design, and 
user interfaces for local and remote control. As the field of surgical robotics 
continues to evolve, it is important to keep patient safety in mind. A safety 
control architecture is being developed that is aimed at moving an experimental 
system in the direction of intrinsically safe operation. 

This project is part of the “operating room of the future” vision in which 
the patient is the only person in the room and doctors teleoperate robotic 
manipulators to perform surgery. The BRl Surgical Robot is being developed 
by an interdisciplinary team with members from the departments of surgery, 
electrical engineering, mechanical engineering, bioengineering and computer 
science. This surgical robot, which is currently a prototype undergoing testing, is 
composed of a number of subsystems. It is a two arm, 7-DOF, cable-actuated 
surgical robot system for performing minimally invasive telesurgery. Using a 
multidisciplinary approach to design the system will lead to a seamless integration 
into the operating room of the future. 

MIS utilizes long slender tools and a video camera inserted through ports in 
the patient. Operating about this pivot point makes a spherical mechanism a 
natural candidate for a MIS robot manipulator. Using in-vivo MIS kinematic and 
dynamic data as a foundation, an optimization was performed to determine the 
ideal link angles for the 2-R spherical linkage. The dexterous workspace (DWS) 
is defined as the workspace in which surgeons spend 95% of their time, and the 
extended dexterous workspace (EDWS) as the workspace required to reach 
all the target anatomy in the human abdomen. Kinematic analysis of the 2-R 
spherical mechanism led to the derivation of the forward and inverse kinematics 
as well as the Jacobian matrix. 
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next Generation 

 M ITChEll lUM, KENNETh J.  FODERO I I , h.  hAWKEyE I .  K INg, 
gANESh SANKARANARAyANAN,gRADUATE STUDENTS (EE) 
  DENNy TRIMBlE, gRADUATE STUDENT (ME)  
   g INA DONlIN, ClINT BlAND, UNDERgRADUATES

Surgical robotics will revolutionize the way in which surgical 
intervention is performed. The integration of robotics and medicine 
will ultimately lead to better patient care. Less invasive procedures, 
more precise motion control, and quicker healing times are just a 
few of the potential benefits. 

Robotic-Assisted
Surgery



Isotropy is a measure of how well a manipulator can move in any arbitrary 
direction and is defined as the ratio of highest to lowest singular value of the 
Jacobian matrix. This score is unbounded, so isotropy is redefined as the ratio 
of the lowest to highest singular value to obtain a bounded scoring criterion that 
ranges from 0 (singular) to 1 (perfectly isotropic). There is an isotropy score 
associated with every pose of every design.

In order to perform an optimization over the design space, all combinations of 
link angles ranging from 16°-90° were analyzed with respect to isotropy. For each 
potential target workspace, the isotropy score is integrated over the workspace 
then multiplied by the minimum score within that target workspace. This provides 
a measure of average performance as well as penalizing target workspaces 
near singularities. The best target workspace score for each design candidate 
is then divided by the sum of the link angles cubed to provide a penalty for 
greater mass and inertia. The optimal manipulator is defined as the design of 
the highest composite score when scored against the DWS, but can also reach 
the entire EDWS. The resulting design for a 2-R spherical mechanism optimized 
for MIS yielded link angles of 75° and 60° (link1 and link2 respectively). These 
parameters were the basis for the mechanical design work required to bring this 
system to fruition.

The first four joint axes of the robot intersect at the surgical port location 
resulting in a spherical motion about the incision point that allows for tool motion 
just as in manual MIS. DC brushless motors mounted to the base of the surgical 
manipulator actuate all motion axes. Maxon EC-40 motors with 12:1 planetary 
gearboxes are used for the first three axes, which see the highest forces. Maxon 
EC-32 motors are used for the remaining axes. Maxon DES70/10 series amplifiers 
drive these brushless motors. The motors are mounted on quick-change plates, 
allowing for motor removal without the need for disassembling the cable system. 
The first three axes have power-off brakes to prevent tool motion in the event 
of a power failure.

DESIgN SPACE SCORE AS A 

FUNCTION OF lINK ANglES.

SPhERICAl MANIPUlATOR, lINK 

AND FRAME ASSIgNMENTS.

ThE BRl 7-DOF SURgICAl MANIPUlATOR IS A CABlE-ACTUATED SySTEM 

WITh All OF ThE BRUShlESS ACTUATORS MOUNTED ON ITS BASE. lINKS 

WERE OPTIMIzED BASED ON IN-vIvO MIS DATA COllECTED ON PORINCE 

MODElS AS WEll AS hUMAN MEASUREMENT. ThE COMPlETE SySTEM 

INClUDES TWO ARMS, WITh ThE CONTROl SOFTWARE RUNNINg ON AN RTAI 

lINUx COMPUTER.
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The control software is running on linux with real-time extensions to the kernel 
(RTAI). The controller is implemented as a kernel module and RTAI grants it 
exclusive access to system resources, turning a full-featured application on 
linux into an embedded-type system with highly accurate timing. The robot 
control loop runs at 1khz.

Well-defined software interfaces to the controller allow high-level control of 
the robot (start, stop, control gains, test inputs, etc) from the linux host and 
surgical control by a master device across a network. The master device can 
be any suitable, high fidelity haptic interface; currently the Phantom Omni from 
Sensable Technologies is used. The surgeon interface also uses touch screen 
controls and foot pedal for user-friendly operation during surgery.

Connection between the robot and the linux host is through a USB 2.0 I/O board 
also developed in the BRl. Custom drivers allow the board to communicate with 
RTAI linux in USB 2.0 bulk transfer mode. This USB board is designed to be 
highly versatile and includes a variety of inputs and outputs, including 8 24-Bit 
Encoders, 8 16-Bit DACs and 8 general Purpose I/O Pins. PC control software 
can set DAC values output to the DES 70/10s controlling motor torques, or read 
encoder values to get the robot joint positions. 
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A CAD lINE DRAWINg OF ThE SECOND lINK AND TOOl INTERFACE BOx OF 

ThE SURgICAl ROBOT. ThE TOOl INTERFACE FEATURES qUICK RElEASE 

TOOlS ThAT SUPPORT BEINg INTERChANgED DURINg SURgERy By A 

‘SCRUB NURSE ROBOT’ TOOl ChANgER. 

A CAD ShADED IMAgE OF ThE SURgICAl ROBOT. CABlE 

ACTUATED WITh MOTORS ARE MOUNTED ON A STATIC BASE. ThE 

COMPlETE SySTEM WIll FEATURE TWO MIRROR IMAgE DESIgNED 

ARMS, ONE FOR EACh OF ThE SURgEONS hANDS, PlUS A 

CAMERA hOlDINg/POSITIONINg ROBOT.

ThE FUlly ASSEMBlED USB INTERFACE BOARD.



This surgical robot will have a variety of safety features. These features include 
a small number of operating states, brakes, an emergency stop (E-Stop) button, 
a watchdog timer, and a surgeon side foot pedal. The state of the system will be 
managed by a programmable logic controller (PlC). PlCs are a highly reliable off 
the shelf technology that can easily be programmed for small numbers of states. 
The control software will send requests to change states to the PlC and the 
PlC will in turn update the states. Additionally, a function in the Control Module 
produces a 10hz square wave for a watchdog timer function in the PlC.
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FACUlTy ADvISOSR: PROFESSORS BlAKE hANNAFORD AND JACOB ROSEN

COllABORATORS: PROFESSOR MIKA S INANAN -  CENTER FOR v IDEO ENDOSCOPIC SURgERy (DEPT.  OF SURgERy)

RESEARCh AREA: CONTROlS AND ROBOTICS, SURgICAl ROBOTICS, CONTROlS, TElEOPERATION

gRANT/FUNDINg SOURCE: US ARMy –  MEDICAl RESEARCh AND MATERIAl COMMAND gRANT NUMBER: DAMD-17-1 -0202; \

ThE SySTEM SOFTWARE IS MODUlAR, AND AllOCATION OF SOFTWARE 

MODUlES TO COMPUTINg hARDWARE IS FlExIBlE ExCEPT FOR ThE 

I/O BOARD SOFTWARE AND ThE PlC lADDER lOgIC.

The design of this safety system is almost complete. The process of testing and 
constructing the various pieces of the system has begun, and the hope is to have 
the safety system constructed soon. The described software architecture is a 
crucial element in the overall surgical robot system. The expectation is that this 
system will provide a level of predictability, reliability and robustness sufficient for 
animal surgery evaluation.

Another aspect of this project is teleoperative control and mediating the 
destabilizing effects of time delay. A low-latency network protocol stack for RTAI 
decreases network latency, but cannot nullify the large and variable time-delays 
associated with operating across the Internet. 

The researchers in the BRl are testing, applying and advancing the state of the 
art technology in this field. The system successfully performed a teleoperation 
demonstration across the UW campus from Kane hall to the BioRobotics lab 
with the first three DOF under control. This highly portable, network-enabled 
surgical platform has the potential to bring the skill of expert surgeons anywhere 
in the world.EE

ThE SySTEM WAS DESIgNED TO CONSIST OF FEW STATES, AS ShOWN 

IN ThIS FIgURE. MOvEMENT BETWEEN ThESE STATES OCCURS DUE TO 

SIgNAlS SENT INTO ThE PlC. TRANSITIONS BETWEEN PEDAl UP AND 

PEDAl DOWN ARE CONTROllED By SURgEON FOOT PEDAl. 

A BlOCK DIAgRAM ShOWINg ThE MAJOR CONTROl 

SySTEM COMPONENTS. CONTROl SySTEM RESIDES ON 

A lINUx hOST WITh REAl-TIME (RTAI) ExTENSIONS.
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yeast cells are an ideal model organism for studying human aging, but analyzing old 
yeast cells is extremely labor intensive. This research combines the fields of automation, 
electromagnetics, image processing, microfluidics and cellular biology to develop a system 
that will automate the lifetime analysis of a single yeast cell.

This automated system will be used to determine what causes age-related genomic 
instability. yeast culture is pumped into a microfluidic device, where a single yeast cell 
is captured by microfabricated magnets. This yeast cell is held for its lifetime, which is 
approximately 60 hours. Image processing software is then used to monitor the cell and 
automatically detect the cell dividing into a mother and a daughter cell. When the cell 
divides, valves in the microfluidic device align to send the daughter cell to an external petri 
dish, where it is grown for future genetic analysis. Each daughter colony gives a snapshot 
of the genetic stability of the mother at the time of the division. 

FACUlTy ADvISOR: PROFESSOR DEIRDRE R.  MElDRUM

COllABORATORS: DANIEl gOTTSChlINg (FRED hUTChINSON) , ROBERT CARlSON (EE) , PROFESSOR MARK hOll (EE)

RESEARCh AREA: B IOlOgICAl INSTRUMENTATION

gRANT/FUNDINg SOURCE: N Ih NhgRI

Automated 
 Single-Cell

JOhN KOSChWANEz, gRADUATE STUDENT (EE)

A SChEMATIC OF ThE AUTOMATED yEAST lIFETIME ANAlySIS SySTEM. 

yEAST CEllS ARE CAPTURED IN ThE MICROFlUIDIC DEvICE, WhERE ThEy 

ARE MONITORED By ThE COMPUTER. DAUghTER CEllS ARE DEPOSITED 

ON AN AgAR PlATE WhERE ThEy ARE STORED UNDER A STERIlE COvER 

FOR gENETIC ANAlySIS.

Why do we age? How do we age? Science still cannot answer these 
fundamental questions, yet we know that a cell’s genome becomes unstable 
over time—understanding why this occurs could lead to treatments for age-
related ailments such as cancer. 

Analysis

After the system has been tested for a single cell, it will be 
expanded to monitor the lifetimes of 100 cells in parallel. 
This will allow the experiment to be run under the different 
environmental conditions and genetic backgrounds required 
to elucidate the mechanism of age-related genomic instability. 
Eventually, the system will automate a wide variety of aging 
analyses in yeast and human cells.EE
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however, the availability of information and the accessibility of new ideas in medical and 
biological research often requires expensive instruments and labor-intensive operations. 
For example, commercial confocal microscopes are a powerful tool for life sciences and 
nanotechnology, but they are expensive, large in size, and limited in function. 

The Microscale life Sciences Center (MlSC) is utilizing new technologies to make confocal 
microscopes smaller, less expensive and able to modulate light in temporal and spatial 
domains. As a result, these new microscopes with lab-on-a-chip devices can observe 
biological events that cannot be seen by conventional means. Furthermore, the size and 
cost of the system are comparable to a digital projector, making confocal microscopy 
affordable for more laboratories and individuals.

JOSEPh ChAO, RESEARCh ASSOCIATE (EE)

Confocal 
   Microscopy

Fluorescence imaging has become an important tool for studying dynamic 
gene expression and protein functions. Confocal microscopy is especially 
gaining popularity due to its three-dimensional capability, which enables 
biologists to study cellular responses. 

A MICROgRAPh OF A lIvINg CEll ARRAy AT ThE MlSC USINg ThE 

DIgITAl CONFOCAl MICROSCOPE. ThE MICROSCOPE CONTROlS 

lIghT PROJECTED TO FIvE CIRCUlAR MICROChAMBERS ThAT 

WIll hOUSE CEllS OF INTEREST.

FACUlTy ADvISOR: PROFESSOR DEIRDRE R.  MElDRUM

RESEARCh AREA: B IO- INSTRUMENTATION

gRANT/FUNDINg SOURCE: N Ih

The new system will be used with the high-content living cell array developed at MlSC, 
(co-directed by EE Professor Deirdre Meldrum and Microbiology and Chemical Engineering 
Professor Mary lidstrom) to monitor dynamic multi-variable cellular processes.EE
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Though genome sequencing has provided instructions for life, cells with identical 
genes show a range of behaviors due to randomness in translating these instructions. 
Insight into these variations will require innovative tools for manipulating 
individual cells under conditions that mimic their natural environment.

Single-Cell Trapping     
 Using Fluid Tweezers

BARRy R.  lUTz, RESEARCh ASSOCIATE (EE)

FACUlTy ADvISOR: PROFESSOR DEIRDRE R.  MElDRUM

COllABORATORS: PROFESSORS DANIEl T.  SChWARTz AND J IAN ChEN (ChemE)

RESEARCh AREA: MICROFlUIDIC TOOlS FOR S INglE-CEll ANAlySIS

gRANT/FUNDINg SOURCE: N Ih MICROSCAlE l IFE SCIENCES CENTER (MElDRUM, P I ) , UW gENOME SCIENCES TRAININg gRANT (MElDRUM),   

 BOEINg-SUTTER ENDOWMENT FOR ExCEllENCE IN ENgINEERINg (SChWARTz)

“Microfluidic” devices with tiny fluid channels offer exciting alternatives 
to conventional tools (e.g., flasks, pipettes) for studying cells in controlled 
chemical environments. however, it requires a method of positioning 
and holding cells in place without damaging them or affecting their 
behavior. This is especially difficult for cells that respond to the sense 
of touch. As a result, an unusual fluid flow to gently trap single cells in 
a microscopic channel has been developed. 

A tiny cylinder, about the size of a human hair (100 microns), creates 
four microeddies when the fluid is oscillated (AC) at audible frequency. 
Each microeddy positions and holds a single cell near the eddy center, 
somewhat like a pop bottle trapped in a whirlpool. 

Forces generated by the flow push inward from all directions to 
completely suspend a cell within the fluid. Trapping forces are 
comparable to well-known methods that use focused lasers (optical 
tweezers) or oscillating electric fields (dielectrophoresis). Because 
the gentle flow around the microeddies is comparable to blood flow 
in arteries, fluid tweezers provide a more natural environment for 
studying suspended cells. 

A complete picture of cell-to-cell variation will require measurement of 
many single cells under controlled chemical conditions. Many traps are 
created in a single device using cylinder arrays, and cells are loaded 
into the traps by superimposing a steady flow (DC) on the oscillation. 

The DC flow is also used to supply trapped cells with nutrients, reagents, 
and fluorescent indicators needed for dynamic measurements. Fluid 
tweezer arrays dosed with chemicals will be used to measure dynamic 
protein expression by human T-cells under physiological conditions.  

The remarkable ability to suspend cells in a gentle fluid flow makes 
fluid tweezers well-suited for studying sensitive cells, such as human 
T-cells that normally live suspended in blood.EE 

A SChEMATIC REPRESENTATION OF A TRAPPINg DEvICE. A 

PORTION OF ThE ChANNEl WAll IS REMOvED TO ShOW ThE 

ChANNEl INTERIOR. FlUID OSCIllATIONS (AC, gREEN) CREATE 

FOUR SyMMETRIC MICROEDDIES AROUND A CylINDER (BlACK 

CONTOURS), WhIlE SUPERIMPOSED STEADy FlOW (DC, BlUE) 

lEADS TO ASyMMETRIC EDDIES (NOT ShOWN). EACh MICROEDDy 

SUSPENDS A SINglE CEll (RED) IN ThE FlUID AWAy FROM SOlID 

SURFACES. 

ExPERIMENTAl IMAgES OF MICROEDDIES AND TRAPPED CEllS IN 

AC FlOW (gREEN ARROWS). lEFT – TRACER PARTIClES ShOW ThE 

FlOW OF FOUR SyMMETRIC EDDIES AROUND A CylINDER. RIghT – 

MICROEDDIES SUSPEND hUMAN T-CEllS (WhITE-hEADED ARROWS) 

IN A gENTlE FlOW. SCAlE BARS 50 MICRONS.

A TRAPPINg ARRAy IMAgE AND SChEMATIC OF ChEMICAl DOSINg IN ARRAyS UNDER 

AC AND DC FlOW (gREEN AND BlUE ARROWS, RESPECTIvEly). lEFT – MICROEDDIES 

CREATED IN CylINDER ARRAyS ShOW ThE SAME ABIlITy TO TRAP. SCAlE BAR 200 

MICRONS. RIghT – ThE DC FlOW DElIvERS NUTRIENTS AND OThER ChEMICAlS TO 

CEllS FOR DyNAMIC MEASUREMENTS. 
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Recently, achieving such a goal using light has attracted much 
attention since the location of the exerted force can be not only 
precisely defined, but also flexible and controlled by scanning the 
light.

This research aims to design and build the Opto-Plasmonic Tweezers 
for manipulation and rotation of micro/nano objects. 

Micro/nano objects with asymmetrical shapes are suspended in a 
liquid solution. The light source, with its polarization adjusted by a 
fine polarization controller, has an electric-field component and is 
focused on an Au-nanoshell film. 

A simulated 3-D trapping trajectory with equal time interval for 
the micro/nano object which is trapped at the surface of the Au-
nanoshell film.

This electric field oscillates in time with the frequency of the incident 
light, and induces the free electrons near the surface of the metal to 
move and form oscillating dipole moments. With the proper frequency, 
resonant oscillation can be induced, and surface plasmon is formed. 
The direction of the dipoles is parallel to the electric-field polarization 
of the light. They radiate in the same way as oscillating charges, 
and create a patterned radiation electric field that manipulates the 
micro/nano objects through dielectrophoresis with fine orientation 
control by adjusting the polarization of the incident light.

By developing a theoretical model, dielectrophoresis force and 
torque for asymmetrical objects can be analyzed. Using the self-
assembled polystyrene monolayer as the template, an Au-nanoshell 
film was fabricated, which can be utilized to generate the surface 
plasmon resonance. In collaboration with Professor Suzie Pun from 
the UW Department of Bioengineering, a bench-top optical system 
using listeria monocytogenes for the experimental demonstration 
will eventually be built.EE
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FACUlTy ADvISOR: PROFESSOR l Ih y.  l IN

COllABORATORS: PROFESSOR SUzIE PUN (B IOENg)

RESEARCh AREA: B IOPhOTONICS

gRANT/FUNDINg SOURCE: NSF & NIh

The ability to control the orientation of biological cells is a particularly 
desirable manipulation mechanism. Such capability opens the door for 
building structured biomaterials with potential applications in constructing 
biofilms and human tissue engineering.

Opto-Plasmonic    
   Tweezers

xIAOyU MIAO, gRADUATE STUDENT (EE)

AN IllUSTRATION DEPICTINg ThE MANIPUlATION 

OF MICRO/NANO OBJECTS WITh ITS ORIENTATION 

CONTROllED By POlARIzED lIghT.

A SIMUlATED 3-D TRAPPINg TRAJECTORy WITh EqUAl 

TIME INTERvAl FOR ThE MICRO/NANO OBJECT WhICh IS 

TRAPPED AT ThE SURFACE OF ThE AU-NANOShEll FIlM.
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nanophotonic 
 Waveguides Using
     Self-assembled 
Quantum Dots

JEAN WANg, gRADUATE STUDENT (EE)

The diffraction limit stemming from Heisenberg’s Uncertainty Principle limits 
the packing density of photonic components. Proposed methods are subject 
to difficulties in fabrication, integration with other photonic components 
and transmission loss. However, the quantum dot (QD) based nanophotonic 
waveguide is gain-enabled and may be constructed through self-assembly. 

A qUANTUM DOT WAvEgUIDE OPERATION.

Working in the area of nanophotonics, this research involves guiding light at sub-diffraction 
limit dimensions. Both 500 nm and 100 nm width waveguides made by self-assembly of 
quantum dots on a substrate via an e-beam lithography template have been succesfully 
demonstrated. 

The waveguide operation relies on a pump light to create population inversion within the 
quantum dots and a signal light to cause stimulated emission of photons, which allows the 
propagation of light through near-field energy transfer. 

FlUORESCENCE PATTERNS OF 500 NM AND 100 NM WIDE WAvEgUIDES. (A) 500 NM WIDE 

WAvEgUIDE: I) SINglE; TWO ADJACENT WAvEgUIDES SPACED II) 200 NM APART AND III) 500 

NM APART. (B) 100 NM WIDE WAvEgUIDE – ThE RESOlUTION IS DIFFRACTION lIMITED: I) 

SINglE; TWO ADJACENT WAvEgUIDES SPACED II) 200 NM APART AND III) 500 NM APART.

CORRESPONDINg AFM IMAgES OF (A) 500 NM AND (B) 100 NM WIDE WAvEgUIDES IN SINglE 

AND PAIRED FORMATION SPACED AT 200 NM AND 500 NM APART. 

To place the quantum dots, fabrication begins by using 
e-beam lithography on a silicon dioxide coated silicon 
substrate to specify waveguide widths at 100 nm 
and 500 nm. Then, the samples are immersed in 3’a
minopropyltriethoxysilane (APTES) followed by solution 
deposition of carboxylated qDs, where the carboxyl 
and amine group binding is facilitated by 1-ethyl-3-(3 
dimethylaminopropyl)-carbodiimide (EDC). 

The small number of steps involved enables rapid 
processing and placement of quantum dots at high 
density. Deposition of the first monolayer composed of 
APTES has been confirmed with x-ray photoelectron 
spectroscopy (xPS), which reveals up to 10 nm of 
the surface composition by element. In addition, 
fluorescence micrographs and AFM images, confirm the 
attachment of 655 nm emission quantum dots aligned in 
the 500 nm and diffraction-limited 100 nm width lines.

The next steps will test the waveguides by measuring 
loss, cornering efficiencies, and crosstalk between 
adjacent structures. The use of alignment marks and 
tapered patterns will aid in characterizing 100 nm 
waveguides. With thorough demonstration, quantum dot 
waveguides may become a useful mean for transporting 
information on the nanoscale.EE 

FACUlTy ADvISOR: PROFESSOR lIh y. lIN

COllABORATORS: PROFESSOR BABAK A. PARvIz (EE)

RESEARCh AREA: ECDT - PhOTONICS

gRANT/FUNDINg SOURCE: NSF gRADUATE FEllOWShIP
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nano-Scale    
  Quantum Dot 
Photodector

MIChAEl hEgg, gRADUATE STUDENT (EE)

The emerging field of nano-photonics offers the possibility of large bandwidth, high-speed, 
and high-density photonic integrated circuits for future use in all-optical computing and 
communications. Nano-scale, super-sensitive, single-photon detection devices will be a 
critical component of such circuits. The unique optoelectronic properties of quantum dots 
make these tiny pieces of semiconductor material well-suited for such an application. 

FlUORESCENCE (lEFT) AND SEM (RIghT) MICROgRAPhS 

OF ElECTRODE STRUCTURE WITh qUANTUM DOTS 

SElF-ASSEMBlED IN BETWEEN. 

The photodetector described here consists of one or more quantum dots 
that bridge a small gap (~1 nm) between Au electrodes on a Si/SiO2 substrate. 
The quantum dots are linked to the electrodes via a self-assembly process 
using hexanedithiol (hDT) as the linker molecule. 

The Au electrodes are defined on the Si/SiO2 substrate using electron-
beam lithography (EBl). A monolayer of hDT is self-assembled on to the 
Au electrodes and CdSe quantum dots are subsequently self-assembled to 
the hDT monolayer. 

Conceptual graphic of a nano-scale quantum dot photodetector that shows 
the CdSe quantum dot linked to the Au electrode via the hDT molecule. 

The working principle of the device is based on 3D-0D-3D resonant electron 
tunneling from the source (3D) to the quantum dot (0D) and finally to the 
drain (3D). The quantum dot is referred to as a zero-dimensional system 
because electrons are confined in all three dimensions and the energy levels 
are quantized. In a three-dimensional system like the electrodes, electrons 
are free to move and the energy levels form a continuous band. Carrier 
transport is governed by selection rules involving energy and momentum 
conservation. The tunneling from the quantum dot to the drain can be 
enhanced by photo-generated electrons that occupy higher energy levels. 
This effectively happens when the quantum dot is optically pumped with a 
light source. 

Thus, the current-voltage (Iv) characteristics of the device are expected 
to change under optical pumping, and the device can be utilized as a 
photodetector. Work to date has consisted of modeling, fabrication and 
preliminary testing of these devices. 

Nano-scale quantum dot photodetectors offer the possibility of nano-
scale photodetection for future nano-scale photonic integrated circuits. 
Other potential photodetector applications of the device include infrared, 
astronomical, and medical imaging. Future work will include characterization 
and optimization of the device performance, and integration with other 
nano-scale quantum dot photonic integrated circuit components.EE

FACUlTy ADvISOR: PROFESSOR l Ih y.  l IN

COllABORATORS: PROFESSOR BABAK PARvIz (EE)

RESEARCh AREA: DEvICES

gRANT/FUNDINg SOURCE: U IF / IgERT FEllOWShIP

CONCEPTUAl gRAPhIC OF A NANO-SCAlE qUANTUM DOT 

PhOTODETECTOR ThAT ShOWS ThE CDSE qUANTUM DOT 

lINKED TO ThE AU ElECTRODE vIA ThE hDT MOlECUlE. 



novel Wavelength       
  Selective Switch 
Based on Electro-Optical
       Polymer
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To overcome the size and speed limitations of current technologies, a new type of wavelength selective 
switch based on electro-optic (EO) polymer micro-ring resonators is being developed. The basic switching 
element is a 2x2 switch with two micro-rings and two intersecting bus waveguides. 
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FACUlTy ADvISOR: PROFESSOR lARRy DAlTON (ChEMISTRy)  AND ANTAO ChEN (APPlIED PhySICS lAB)

COllABORATORS: PROFESSOR AlEx JEN (MATERIAl SCIENCE AND ENgINEERINg) , AxEl SChERER (CAlTECh)

RESEARCh AREA: PhOTONICS

gRANT/FUNDINg SOURCE: NSF

High-speed and high-performance optical switches are required for optical 
communication and optical signal-processing. Traditional switches without 
wavelength selectivity still can not satisfy wavelength division multiplexing 
(WDM) system requirements for the optical signals to be switched at both fiber 
and wavelength levels. This is a task requiring wavelength selective switching.

ANNA PyAyT, gRADUATE STUDENT (EE)

REFRACTIvE INDEx PROFIlE AND FDTD SIMUlATION 

OF ThE FIElD DISTRIBUTION IN ThE “CROSS” AND 

“BAR” STATES.

SChEMATIC STRUCTURE OF ThE WAvElENgTh 

SElECTIvE 2x2 SWITCh.

Each of the rings under voltage applied can independently couple 
light of one wavelength and switch it from the Input m to Output 
n (m≠n, m and n can be 1 or 2). Without coupling to the ring, light 
propagates from Input m to Output m (m can be 1 or 2). This 2x2 
switch can be used as a building block for the larger NxN switches, 
which can independently switch large number of wavelengths and 
their combinations from any input to any output. The typical radius 
of the switching rings is only 25 µm, which makes the overall size of 
the device two orders of magnitude smaller than traditional switches. 
The entire NxN switch array can fit on top of a silicon complementary 
metal-oxide semiconductor (CMOS) circuit chip. It makes fabrication 
of a single chip optical switch node possible and self contained with 
all the necessary control electronics. This design uses all the benefits 
of EO polymer switches and adds extra functionality because of 
the ability to switch every wavelength independently. Calculation 
showed that low loss, high isolation and fast switching speed device 
is possible using existing EO polymers. 

Theoretical analysis using matrix models and numeric methods have 
been performed to find optimal device configuration. Preliminary 
devices have been made from passive polymers using soft 
lithography. Future efforts will focus on process optimization and 
the fabrication of the EO polymer devices.EE



A new Surface      
 Plasmon Resonance  
  Biosensor Based on 
Diffraction Gratings

A Surface Plasmon Resonance (SPR) wave can be generated at the interface 
of a metal and a dielectric through the coupling of the light with either a prism 
or a diffractive grating structure. The SPR wave property is closely related 
to the dielectric property in the ambient environment at the interface. This 
phenomenon is utilized for sensing purposes through the binding of the detection 
species at the interface. 
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This project is developing a diffraction grating based SPR sensor, where multiple surface 
plasmons with different wavelengths are generated through the coupling of a micro-fabricated 
multi-frequency profile diffractive grating.

There are two main parts to this research: 1. The fabrication of the diffraction grating and its 
integration into the SPR biosensor, and 2. A modeling tool to simulate light diffraction on a multi-
frequency diffraction grating embedded in a multi-layer structure. 

Other work involves designing, fabricating and testing the microfluidic liquid sample transfer 
system for the SPR biosensor. Currently, the single frequency profile diffraction grating is being 
fabricated, and it’s also undergoing the design of its integration into SPR sensors. The models 
to simulate light propagation through the plane multi-layer structure, and light diffraction on a 
single frequency profile metallic grating are completed. 

FACUlTy ADvISOR: PROFESSOR ROBERT B.  DARlINg

COllABORATORS: PROFESSOR ShAOyI  J IANg (ChemE) , PROFESSOR J IR I  hOMOlA ( INSTITUTE OF RADIO ENgINEERINg AND ElECTRONICS,  

 ACADEMy OF SCIENCES OF ThE CzECh REPUBlIC, PRAgUE)

RESEARCh AREA: DEvICES AND MEMS

gRANT/FUNDINg SOURCE: FOOD AND DRUg ADMINISTRATION

FUMIN yANg, gRADUATE STUDENT (EE)

MODEl FOR lIghT DIFFRACTION ON A SINglE 

FREqUENCy PROFIlE METAllIC gRATINg. 

MAgNITUDE OF ThE SCATTERED FIElD (IN 

DB) AT DIFFERENT ANglES. 

Next steps involve fabricating multi-frequency profile diffraction gratings, and testing its effect 
on the SPR signal. A model for simulation of light diffraction on a multi-frequency diffraction 
grating embedded in a multi-layer structure will also be built.EE
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AShUTOSh ShASTRy, RESEARCh ASSOCIATE (EE)

 Droplet Based 
    Microfluidics on 
Textured Surfaces

FACUlTy ADvISOR: PROFESSOR KARl BöhRINgER

COllABORATORS: S IDDhARThA gOyAl, MARIANNE CASE (RESEARCh ENgINEER) , Az IEl EPIlEPSIA (gRADUATE STUDENT)

RESEARCh AREA: MICROFlUIDICS/MEMS 

gRANT/FUNDINg SOURCE: N Ih /MlSC

Exciting prospects for lab-on-chip systems have fueled the emergence of 
droplet-based “digital” microfluidics. Electrowetting, the electrical approach to 
droplet manipulation, involves actuating droplets on a hydrophobic surface via 
voltage-controlled lowering of the solid-liquid interfacial tension at one edge 
of the droplet. However, surface fouling and high actuation voltages impede 
the development of bioassay systems. To remedy these issues, a novel approach 
employing microtextured surfaces was envisioned and the enabling modules 
successfully implemented to lay the foundation for creating a completely 
reconfigurable, CMOS-compatible bioassay platform.

CONTACT ANglE MEASUREMENT OF A DROPlET 

WITh vOlUME 7.68 µl lEADS TO Øf = 137O AND ThE 

vOlUME OF DROP IS 7.68 µl. ONE CAN OBSERvE 

lIghT BElOW ThE DROPlET, CONFIRMINg ThE 

hyPOThESIS ThAT ThE DROPlET RESTS ON 

NON-FOUlINg hyDROPhIlIC PIllAR TOPS. 

To overcome the first road block of surface fouling, novel low protein-fouling surfaces with 
alternating hydrophobic and hydrophilic patterns were developed. Currently, the design, 
fabrication and initial characterization have been completed. Radio-labeled protein fouling 
experiments are under way to quantify the fouling. 

Next, systematic variation of roughness was employed 
to create contact angle gradients that guided droplets 
propelled by vibration. 

The surfaces were designed to maintain air traps beneath 
the droplet. The dimensions and spacing of the pillars 
etched in silicon were varied to create the gradient. 
Thus, solid-liquid contact area fraction was introduced 
as a new control variable in any scheme of manipulating 
droplets.

A driving force is required to mitigate the impeding force 
due to pinning of the three phase contact line. A low 
force requirement translates to a low actuation voltage 
for electrowetting. The impeding force decreased 
with the solid-liquid contact area, and shows promising 
results in overcoming high actuation voltages. Texture 
dependence of the impeding force (hysteresis) is shown 
at bottom left.

By creating non-fouling surfaces, electrowetting based 
bioassay systems are made possible. guiding droplets 
down “hard coded” textured tracks lowering the impeding 
force through texturing have been demonstrated. Next 
steps include replacing acoustic actuation by electrical 
means, and establishing the feasibility of low voltage 
programmable gradients.EE

TWO 8 µl DROPlETS WERE PlACED ON 

OPPOSITEly ORIENTED gRADIENTS ON ThE 

SAME DIE AND vIBRATED. ThE DROPlETS 

TRAvElED IN OPPOSITE DIRECTIONS DOWN 

ThEIR RESPECTIvE MICROTExTURED SURFACE 

gRADIENTS, CONFIRMINg ThAT ThE DROPlETS 

WERE DIRECTED By ThEIR gRADIENTS AND NOT 

By BIAS IN vIBRATION.

ThE IMPEDINg FORCE OF CONTACT ANglE 

hySTERESIS IS PROPORTIONAl TO (COSØR - 

COSØA), ThE DIFFERENCE OF RECEDINg AND 

ADvANCINg CONTACT ANglE. AS SEEN IN ThE 

PlOT, ThIS FORCE DECREASES AS ThE SOlID-

lIqUID AREA FRACTION f DECREASES. 
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Using top-down microfabrication methods to create 
devices, as well as self-assembly to create 3-D functional 
structures out of these devices will help overcome these 
limitations. This requires the four following items: 1) the 
development of new microfabrication technologies 
compatible with existing methods to create parts that can 
participate in self-assembly, 2) “programming” the assembly 
of these parts 3) agitation of the system to encourage 
intended assembly, and 4) the creation of permanent 
mechanical and/or electrical connections. 

This research aims to self-assemble silicon-based, 3-D 
functional devices, and fabricate new, lower-cost systems 
by assembling pre-microfabricated parts in different ways. 
New microfabrication technologies for parts have been 
developed and “programmed” to assemble using surface 
energy modifications and capillary forces. 

By combining microfabrication and chemical handling 
techniques, micrometer-scale parts have been developed 
with silicon-on-insulator (SOI) wafers. 

Photolithography and deep reactive ion etches define each 
part, and hydrofluoric (hF) acid etching releases parts into 
a carrier fluid. The sidewalls of each part are programmed 
by rendering surfaces hydrophobic or hydrophilic with 
molecular self-assembled monolayers. The resulting 
surface energies program the assembly by determining 
the wetability of a hydrophobic adhesive. The part faces 
then coat with this hydrophobic adhesive and adhere to 
each other by capillary forces. gentle tumbling acts as 
agitation, cross-linking the hydrophobic polymer adhesive 
with heat to form permanent mechanical bonds. 

By quantifying the agitation energy and correlating the 
energy of individual bonds, it is expected that control over 
this type of self-assembly will improve in the future, and 
many exciting device architectures will result.EE
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Self-Assembling      
    Silicon

ChRIS MORRIS, gRADUATE STUDENT (EE)

FACUlTy ADvISOR: PROFESSOR BABAK PARvIz

RESEARCh AREA: DEvICES AND MEMS

gRANT/FUNDINg SOURCE: DARPA, DOD FEllOWShIP

For integrated circuit devices, the performance of each new technology generation 
benefits from a reduction in size. Robotic assembly and packaging integrates 
these devices into useful products. However, the miniaturization of final device 
packages may be limited by the use of such serial, robotic handling methods.

FABRICATION PROCESS FOR 

TRIANgUlAR MICROSTRUCTURES 

ThAT SElF-ASSEMBlE. ThE 

PROCESS INvOlvES SEvERAl SElF-

ASSEMBly STEPS, SUCh AS ThE 

SElF-ASSEMBlED-MONOlAyER 

(SAM) IN STEP 4, ThE SElF-

ASSEMBly OF POlyMER ADhESIvE 

IN STEP 5, AND SElF-ASSEMBly OF 

ThE PARTS IN STEP 6. 

A 3-D SElF-ASSEMBlED STRUCTURE FORMATION. UNASSEMBlED STRUCTURES AT AIR/WATER INTERFACE 

ShOWN ON TOP. STRUCTURES IMMERSED IN WATER WITh CURED POlyMER ADhESIvE ShOWN AT BOTTOM 

(FROM MORRIS, C. J., hO., h, AND PARvIz, B. A., “BRIDgINg BETWEEN NANO- AND MICRO-SCAlES FOR 

SySTEM INTEgRATION: CONTROllED CAPIllARy FORCE-DRIvEN SElF ASSEMBly,” 5Th IEEE CONFERENCE 

ON NANOTEChNOlOgy, NAgOyA, JAPAN, JUly 11-15, 2005, PP.508-511). ©2005 IEEE.
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Based on the principle for delivering micro components to receptor sites, the self-assembly 
techniques derived by the MEMS lab at UW EE can be classified into three categories: capillary-
driven self-assembly, feature-directed self-assembly, and a combination of shape-directed and 
capillary-driven self-assembly. These techniques satisfy the manufacturing requirements for 
micro devices ranging in application from biochemical analysis, to radio frequency identification 
(RFID), to micromechanical transducers with moving components. 

A capillary-driven self-assembly process mounts micro components onto a substrate via adhesive 
droplets on the binding sites, and alignment with submicron accuracy can be achieved by interfacial 
energy minimization. By using this assembly method and heating polymerizable adhesive liquid, 
piezo actuators for micro fluidic pumps were assembled.

J IANDONg FANg, gRADUATE STUDENT (EE)

Self Assembly for      
 Parallel Packaging of
  Micro Devices

Aiming for a stand-alone operation, a typical micro device is an integrated system 
containing components from different technologies such as CMOS and MEMS. 
Monolithic fabrication of such a hybrid system is greatly challenged by process 
incompatibilities. Self-assembly techniques enable fast and parallel integrating 
and packaging of heterogeneous components.

FACUlTy ADvISOR: PROFESSOR KARl F.  BöhRINgER

RESEARCh AREA: MEMS

gRANT/FUNDINg SOURCE: N Ih CENTER OF ExCEllENCE IN gENOMIC SCIENCES & TEChNOlOgy

A 4MM SqUARE PIEzO ACTUATOR 

MOUNTED AT ThE CENTER OF ThE 

ChAMBER DIAPhRAgM OF A MICRO 

PUMP. (A) A SChEMATIC ExPlODED 

vIEW. (B) AN OPTICAl IMAgE (ThIN 

ElECTRICAl WIRES SOlDERED 

TO ThE ACTUATOR’S TOP 

SURFACE AND ThE SUBSTRATE, 

UNDERNEATh ThE ACTUATOR IS 

A CAvITy FIllED WITh ADhESIvE 

ThAT AFFIxES ThE ACTUATOR’S 

BOTTOM EDgES AgAINST ThE 

SUBSTRATE). 

Feature-directed self-assembly is based on feature 
recognition between protruding and recessed features 
on components and receptor sites. Micro components 
are driven by centrifugal forces from orbital shaking until 
their features fall into trenches on a substrate. Uniquely 
orienting self-assembly is achieved by two-stage feature 
recognition.

Mounting of components with controlled poses (vertical 
or horizontal) is achieved by combining shape recognition 
and capillary-driven self-assembly. Shape recognition 
allows micro components to stand vertically in apertures 
on a vibrating plate. Micro components can then lie down 
and self-align to receptor sites by capillary forces. 

The capillary-driven self-assembly of piezo actuators 
has significant advantages over the conventional 
bonding method with silver epoxy. The uniquely orienting 
assembly enables flip-chip bonding of micro chips 
with multiple asymmetrical interconnects. The vertical 
mounting technique is useful for RF and optical MEMS 
components.EE

1MM SqUARE SIlICON PARTS SElF-ASSEMBlED ON A 

SUBSTRATE WITh UNIqUE IN-PlANE ORIENTATIONS 

By TWO-STAgE FEATURE RECOgNITION; CIRCUlAR 

FEATURES FOR ThE 1ST STAgE, AND CROSS 

FEATURES FOR ThE 2ND STAgE. 

790µM SqUARE SIlICON PARTS STAND vERTICAlly 

IN APPROPRIATEly DESIgNED APERTURES ON ThE 

SIlICON SUBSTRATE.
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After two years of renovation, the newly updated Sieg hall was officially 
opened to the public. Members of UW EE and The College of Engineering 
attended a ribbon cutting ceremony on October 21st, 2005. In addition to 
structural repairs to the building itself, the following space has been provided 
to UW EE students:

l	 INTEgRATED STUDENT CENTER –  a designated area where students 
can study, discuss EE related issues, or socialize

l	 OFFICES FOR STUDENT-RUN ORgANIzATIONS –  separate dedicated 
office space for IEEE, hKN, and gSA

l	 TA CENTER –  individual workspace for each TA as well as a computer 
lab

l	 TUTORIAl CENTER –  A room which holds up to 24 students along 

with three additional smaller and adjoining “break-out” rooms

nEW STUDEnT RESOURCES   
CEnTER

ACTINg DEAN MANI SOMA OFFICIAlly 

OPENS SIEg hAll AT RIBBON CUTTINg 

CEREMONy.

TEKTROnIx UnDERGRADUATE 
RESEARCH LAB
On November 18, 2005, the Department of Electrical Engineering celebrated 
the opening of our first lab solely dedicated to undergraduate research 
opportunities. The Tektronix Undergraduate Research lab in Sieg hall was 
made possible through the generous support of Tektronix, Inc. Tektronix gave 
over $350,000 worth of the equipment and furniture needed to fully outfit 
the lab. Students who are serious about research opportunities during their 
undergraduate years can now work in a dedicated facility on state-of-the-art 
equipment. Thank you Tektronix!

EE UNDERgRADUATE JAMES hAMMER RECEIvES 

A lESSON FROM JIM BROPhy ON hOW TO USE 

ThE EqUIPMENT.

FROM lEFT TO RIghT: DAvID BROWN, vICE PRESIDENT 

OF CENTRAl ENgINEERINg AT TEKTRONIx (UWEE 

AlUM ’76), STAN KAvECKIS, PRINCIPAl ENgINEER 

AT TEKTRONIx (UWEE AlUM ’72), AND JIM BROPhy, 

lOCAl SAlES ACCOUNT MANAgER AT TEKTRONIx
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The Department was saddened by 
the death of Professor Robert N. 
Clark on January 27, 2006. Professor 
Clark joined the EE Department in 
1957 from honeywell Inc. where he 
had established his reputation as an 
expert in the analysis of feedback 
systems and automatic control.  This 
emergent technology was critical to 
the challenges of the times including 
the understanding of the dynamics 
of complex systems, from motors 
to aircraft, and the design of the 
necessary control systems. he 
documented his expertise in a seminal 
text, “Introduction to Automatic Control 
Systems” published by John Wiley and 
Sons in 1962 that had at least three 
printings. This book was particularly 
impressive for the relevance of its 
content. Students were challenged 
with real-world examples from Bob’s 
experience, lending more excitement 
to their study than is often the case 
in introductory texts. Upon arriving 
at the University of Washington, Bob 
was an early and major contributor in 
developing our curriculum in systems 
and automatic control.

Professor Clark received his BSEE and 
MSEE degrees from the University of 
Michigan (1950 and 1951) and his Ph.D. 
from Stanford University in 1969 while 
on leave from our department. his 
expertise was recognized nationally 
and internationally by his election 
as a Fellow of the IEEE in 1983 
with the citation: “For contributions 
to engineering education and the 
practical application of control theory.”  
he was also appointed Professor 
of Aeronautics and Astronautics in 
1988 and continued to serve both 
departments until his retirement in 
1994.

Those of us who served in the 
Department with Bob enjoyed his wry 
humor and, especially, his generous 
friendship.  Bob and his wife Mary were 
gracious and dedicated members of 
the Electrical Engineering community 
who provided ready hospitality to 
faculty and students. EE

In  MEMORy OF

BOB CLARK
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correction to eeK 2005

thE EDitoRS of EEk WoUlD likE to APologizE 

foR thE ERRoR foUnD on PAgE 11 of EEk 

2005. thE gRAPhiC on thiS PAgE ShoUlD BE 

CREDitED AS folloWS: © JAmStEC.
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