
Silicon-Micromachined Flow Sensors

Thesis by

Fukang Jiang

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1998

(Submitted July 17, 1997)



ii

© 1998

Fukang Jiang

All rights reserved



iii

To my beloved parents and wife



iv

Acknowledgments

I would like to thank all the people that have supported and helped me during the six

years of study and research at Caltech. In particular, I would like to acknowledge my

academic advisor, Dr. Yu-Chong Tai. It was Dr. Tai who brought me into this exciting

field of micromachining. More importantly, he has provided the key ideas, professional

guidance and supports through all these years that made this work successful. I have also

received tremendous  help and valuable advice from Dr. Chih-Ming Ho, professor at the

Department of Mechanical and Aerospace Engineering, University of California at Los

Angeles, and the prime investigator of all the research projects involved in this work.

I thank the fellow members of the research project teams at UCLA, especially Dr.

Steve Tung and Vincent Lee who gave me numerous help on the sensor characterization

and on the understanding of the basic concepts in fluid dynamics. This thesis would not

be complete without their efforts. I am also indebted to Wen Li, Karan Rainer and

Michael Garstenauer who helped me in using the wind-tunnel at UCLA for the testing of

the hot-wire anemometers.

I also thank my research partners in our group, Tom Tsao who has been working

closely with me on two projects in the recent two years and proofread most chapters of

the thesis, and Ken Walsh, who impressed me with his great photo-taking skill for small

samples and helped me in the development of the flexible skins.

I deeply appreciate the past fellow members of our Lab, Drs. Jianqiang Liu, Chang

Liu and Raanan Miller, for their many useful help in using the computers, design tools

and processing equipment. The same thanks also go to all of the current fellow members

of our group, especially Charles Grosjean, Shuyun Wu, Wen Hsieh, John Wright and

Xuanqi Wang, and the guests of the group, Drs. Weilong Tang and Hsu-Tseng Yang. I am

also grateful to our technician, Mr. Trevor Roper, who maintains all the processing

equipment in good condition with his diligence and skill.



v

My thanks also go to our collaborators in Dr. Rodney Goodman’s Microsystem Group

at Caltech, Dr. Bhusan Gupta and Vincent Koosh, for the circuit and layout design of the

M3 system.

I would like to thank the Defense Advanced Research Programs Agency (DARPA)

and the Air Force Office of Scientific Research (AFOSR) for providing me the financial

support in the past four years.

Finally, I would like to thank my wife, Heng Ji, for her support and patience in the

preparation of the thesis, and my parents for their constant encouragement over the many

years of my education.



vi

Silicon-Micromachined Flow Sensors

By

Fukang Jiang

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

Abstract

A new generation of silicon-micromachined or micro-electro-mechanical-system

(MEMS) sensors for the general purpose of microflow measurement and control is

presented here. The first one is a polysilicon hot-wire anemometer made by a combined

bulk and surface micromachining process. The new devices feature batch-fabricated free-

standing micro polysilicon hot wires that are similar to conventional metal hot wires.

Both the theoretical analysis and experimental (steady-state and dynamic) results show

that MEMS hot wires have order-of-magnitude better frequency response, finer spatial

resolution, and higher sensitivity over conventional hot-wire anemometers.

A novel MEMS thermal shear-stress sensor featuring vacuum-cavity insulation has

been developed. The device is a polysilicon wire thermistor embedded in a silicon-nitride

diaphragm which sits on top of a vacuum cavity. The vacuum cavity is to improve the

thermal isolation between the polysilicon wire and substrate. To characterize the devices,

both steady-state and transient heat-transfer theories have been established and used to

calibrate wind-tunnel results, temperature sensitivities and frequency responses. Shear-

stress sensor array chips have also been developed. Each of the shear-stress imagers has

more than 100 sensors integrated on a 1×2.85 cm2 chip. Our measurement results from a

fully developed 2-D channel flow are well agreeable with previously published results.



vii

For the first time, real-time 2-D wall shear-stress images in a turbulent flow have been

experimentally obtained.

A new technology for the integration of micro-sensors, micro-actuators and

microelectronics (M3) on a single chip has been explored. Prototype M3 chips including

shear-stress sensors, magnetic actuators and CMOS circuits have been fabricated. This

technology sets a base for the future development of a fully functional M3 chip drag

reduction.

Finally, a novel flexible MEMS skin technology fully compatible with IC process has

been developed. Mechanically, the skin is made of metal leads sandwiched between

polyimide layers that connect a number of silicon islands together. The skin can be

applied conformablly on non-planar surfaces. The first application of this technology is a

flexible shear-stress sensor skin that has been successfully used for the real-time

measurement of shear-stress distribution on the leading edge of a delta wing model.
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