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Abstract - Foreign student and faculty exchanges are an
excellent vehicle for training a global engineering
workforce. The high degree of technical specializain of
engineering laboratories, however, often leads tmability
to attract a large cohort of foreign students dued their
diverse technical interests, and therefore, limitsthe
impact of the exchange program. This paper descrés
an innovative use of micro-electromechanical systesn
(MEMS) and micro-robotics research as an educatiorla
vehicle attracting students from all engineering
disciplines. Several recently developed projects dn
courses developed at the University of Arizona anthe
Swiss Federal Institute of Technology (ETH-Zurich)are
described. These include design and fabrication o&
pressure and force sensors, development of microdrots
with a bio-compatible coating, and optical cantileer-
based gas sensor. The broad spectrum of these proig
provided ample opportunities for involvement of stents
and faculty of almost any technical background. Reant
examples include 13 Japanese students from Toyota
Technological University attending a summer hands+o
course at the University of Arizona, a French studet
applying diffusion-reaction models to a micro-robot
coating process, and a visiting professor from Tuff
University participating in the development of softvare
for control of the micro-robots at the ETH — Zurich.
Opportunities to engage students with traditional
engineering interests such as solid mechanics antbii
dynamics are also described in the context of théhtee
projects via evaluation of the typical mechanical
engineering curriculum in US.

Index Terms — International Exchange Student, Mechanical

Engineering, MEMS, Pressure Sensor
|. INTRODUCTION

Engineering is an activity involving the harvestithg three

Furthermore, the rapid growth of communication dhd
development the Internet resulted in a globaliratd the
engineering discipline. For example, in the 1960ly @% of
the US industry was subject to international coritipet
while in the 1980s that number had increased to @086.
Similarly, the developed European nations are exgae
labor-market pressures from the new economies dfaCh
India, and Eastern Europe. Therefore, there is ed rfer
training a globally-engaged workforce of engineeagpable
of interacting and competing with their peers aldrol
response to this demand, many engineering progiratd$
are exploring innovative methods for incorporating
international education in their curriculum. Receramples
include joint programs in mechatronics [1], joineshmen
engineering course [2], an international graduagreke in
civil engineering [3]. In 2006, the US governméfirough
NSF) also launched a new program titled Partner$bip
International Research and Education (PIRE) thdéssgned
to foster such activities. However, there are ssEvabstacles
hindering the growth of the international collalt@a in
engineering education. These include difficulties i
scheduling and coordinating courses at the twonpart
institutions, the lack of suitable technical eleeticourses
and opportunities for the students to maintain temimpted
graduation schedule, insufficient time for commatiof a
joint project, and of course, limited financial oesces at
most institutions. Therefore, a successful inteoma
exchange program needs to leverage existing psojelsen
hosting foreign students. This paper provides sdver
examples based on Micro-Electromechanical Systems
(MEMS).

MEMS have acquired a history of over 30 years of
development. Many successful commercial applicatiweve
emerged, such as switches, display, pressure sgnsor
accelerometers, gyroscopes, inkjet printer heaus |ab-on-
a-chip chemical detection systems. These successsst
inspired not only the industrial world, but alsoadged

main resources—energy, materials, and information—i interest among academic institutions in incorpa@WMEMS

order to create tools and technologies in serdtehe
human race. Consequently, engineering activityehgkbal

into their curriculum [4-7]. A distinguishing featu of
educational programs focused on MEMS is their

impact, as most of these resource are shared, ar thinterdisciplinary nature stemming from the needdtsign

utilization has implication for the entire civilitan.
Consequently, engineering education has the obgofi not
only presenting the scientific principles, i.e.,gameering
science, but also of teaching students how to afipyn
judiciously, without adverse impact on the envir@mn

and integrate electrical, mechanical, optical, feeroical sub-
systems into a functional device. Therefore, suagrams
provide ample opportunities for participation ofrdmn
exchange students and researchers with variousitath
backgrounds. In this paper we describe our expegign
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providing opportunities for international studemickanges
based on the use of micro-mechatronics and MEMS.

Il. EXAMPLES OF MEMS PROJECTS WITH PARTICIPATION
OF FOREIGN EXCHANGE STUDENTS

The following projects have been derived from theo t
collaborating  institutions:  Advanced
Laboratory www.ame.arizona.edu/research/memglabthe
University of Arizona; and the Institute of Robatiand

Intelligent Systemswww.iris.ethz.ch at the Swiss Federal

Institute of Technology.

I1.1 Cantilever Micro-Sensor for Detection of Organic
Vapors (University of Arizona)

Microfabricated cantilever sensors are one of thdiest
examples of the use of mechanical structures femital

detection. The early sensor examples were basethass-
induced mechanical resonance shift [8]. However tw
relatively complicated detection scheme and thed niee

external excitation, these sensors did not resulh iwide-
spread use. An alternative detection mode is théaca
stress based detection scheme, which uses thealbolgtier
technique to amplify the cantilever displacemerit [Bhe

first such demonstration was pioneered by a rekegmaup
at IBM in Zurich, which demonstrated that a chamgea

single base-pare (bp) in a 12-bp sequence can teetele
with chemically functionalized cantilevers [10]nSé then, a
broad effort emerged to develop other sensors usiig
technique including metal-ion detectors (Hg, Cu) fEL]

and organic molecules [12].

The project described here is based on the predimin

work by Berger et.al. [9], which demonstrated siwvitj of
alkenethiols using a commercial atomic force micope
(AFM) scan head and Au-coated -cantilevers.

experimental setup is shown in Figure 1. A fixedunee
chamber is used to expose the Au-coated cantiladwetise
vapors of alkenethiols, during which, a well-knoveaction

between organic thiol groups and the Au-coatedaserf
of self-assembled

results in a densely packed layer
alkanethiol molecules (SAM). The resulting surfateess,

Ao, produces a cantilever curvaturR, given by the
Stoney equation
1_61-v)
R Et?

(ao). 1)
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FIGURE 1
SCHEMATIC OF MICRO-CANTILEVER SENSOREXPERIMENT

The deflection angle is then amplified using theptical
lever” technique, i.e. by monitoring the positior the
reflected laser beam illuminating a position séwsitietector
at a distancel from the cantilever

Ax=2d A0 = —12dLAEt02(1 v). @3)

The optical detection system was developed as iarsen
capstone design project which included the desigd a
fabrication of the micro-cantilevers with a 1-mgstocess
[13]. The resulting array of cantilevers is showrFigure 2.
The cantilever deflection was measured with an capti
detection system comprised of a diode laser, fogusptics,
positioning stages, and a position sensitive detd&SD).

=

FIGURE 2
ARRAY OFMICRO-CANTILEVER SENSORS

The completed demonstration system consists of 85
laser diode with beam shaping optics (Edmund OMIES9-
080), ax- y- and 8 positioning stage with sample holder, a
post with the position sensitive detector (Hamam&5990-

where E, t, andv are the Young’s modulus, the thickness,01), and a syringe for dispensing the alkeneth{gde Figure
and the Poisson ratio of the cantilever, respegtive 3).

Assuming constant curvature, the deflection anfyig at a
distancel from the base of the cantilever is

po=Lt. )
R
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I1.2 Magnetic Micro-Robot for Targeted Drug Delivery
(Swiss federal Ingtitute of Technology)

This project is aimed at demonstrating a micro-talapable
of autonomously navigating and delivering active
pharmaceutical ingredients (drugs). The approadtntéere
is based on the use of an oscillating external rggfield
to trigger the release of the drug. Localized ddegvery is
an exciting new alternative to systemic delivery,itacould
reduce the undesirable side effects of many draigs].[ In
the core of this project is a sub-millimeter sized
ferromagnetic structure (micro-robot), which isestl via
the forces generated by external electro-magneasiged as
Maxwell and Helmholtz coils [15] (see Figure 5)her
objective of the project described here is to deywed bio-
compatible “skin”, a coating that can carry thegland a
method to release it. A proof-of-concept device basn
constructed via dip-coating the robot with sodiulgirate
(Na-Alg)-derived gel. The process follows the puoatioof

FIGURE 3 SaslavykS| [16]. The alg!nlc a_tC|d is a linear pot;_(sfaaande
EXPERIMENTAL SETUP: LASERDIODE WITH OPTICS(RIGHT); SAMPLE comprised of mannuronic acid (M) and guluronic a(®)
HOLDER WITH ORIENTATION CONTROL(CENTER); PSDDETECTOR(LEFT) residues. These are chained in a repeated altegngdittern

. - o (GG-GM-MM-..). The negatively charged carboxyl gosu
A covered Petri dish containing Au-coated silicaitris® s the acid residues are key to the formation obstinking

cantilevers was used to expose them to a solutibn Qyongs when the the polymer is exposed to multivatestal
dodecanethiol (2 ml) using a medical syringe. Taetiever  jong sych as G4 To control the permeability of the skin, the
deflection was then recorded and converted to cerftress gel was further cross-linked using cationic polysisuch as

values using (1-3). Figure 4 shows typical expentakdata. poly-I-lysine and polyethyleneimine. The triggering the

) ) ) . drug release was achieved by incorporating stronferrite
_ While this project was developed as a demonstratioficro-particles together with the model drug, (leoeslish
project for domestic students interested in MEM8 mnicro- peroxidase, HRP) in the coating (see Figure 6 of toated

technology, it also proved very useful vehicle @ifering  geyices). Subsequent exposure to 0.4 T oscillatiagnetic
short courses to visting foreign students. An exXarfr this  fie|q resulted in a 10-fold increase in the releaste of HRP
is the joint summer program between the University 55 shown in Figure 7.

Arizona and the Toyota Technological Universitypaia
This summer program was initiated in 2005 and lering
approximately 13-15 students to the University afzéna
for English courses followed by a hands-on labayato
experience offered by the College of Optical Saésnand
the College of Engineering and Mines. The microtibaver
project described here is one of the experimendsrdeed in
this course. After a short lecture on MEMS and wcr
technology, the students are asked to design thein N
cantilevers, test existing cantilevers sensors prodiuce a
report describing the sensitivity of the sensor.rédetails
on the technical content of the project can be donr{13]

«— 800pm ——»
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FIGURE 5
STRUCTURE OF THEMAGNETIC CORE OF THEMICRO-ROBOT

As in the other examples, this project also reguire
knowledge in electro-magnetism, material scienced an
chemistry, semiconductor processing, control theanyd

-0.01 200 400 600 800 1000 mechanics. The wide spectrum of disciplines invdlve
Time, Sec allowed researchers from three institutions toatmirate in a

complementary fashion. The robot's skeleton and
FIGURE 4 electromagnetic positioning system was developecthgy
MEASURED SURFACE STRESS(N/m) AS A FUNCTION OF TIME robotics group at ETH (IRIS), the bio-compatibmating

was developed by Enikov from the University of Auim,
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while a new version of the electronic control ifdee was
implemented in Labview by a visiting professor EIH)
from Tuffs University. Student exchange is alsonpkd for
the summer of 2007 between the University of Arezamd
the Ecole Nationale Superieure de Mecanique
d’'Aerotechnique (ENSMA). The French student wilbbize
and model the cross-linking process and, subselguehée
drug release properties of the micro-robot coating.

FIGURE 6
COATED MICRO-ROBOTS CALCIUM ALGINATE ONLY (LEFT); CALCIUM
ALGINATE AND STRONTIUM FERRITE MICRO-PARTICLES (RIGHT).

I1.3 Piezoresistive Pressure/Force Sensor (University of
Arizona)

Pressure sensors are now well-established applicadf
MEMS and, therefore, represent an essential eleofenbst
curricula on micro-electromechanical sensors. Nposssure
sensors utilize a deformable membrane with integrat
strain- or displacement-sensing elements.

25

—&— With B= 0.4 T Excitation
—— Without Excitation

#  Robot with Excitation

& Robot without Excitation
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FIGURE 7
HRPRELEASE FROM CALCIUM ALGINATE BEADS(2MM DIAMETER).

ASTERISK ANDDIAMOND SHOW THE RELEASE FROMMICRO-ROBOTSWITH
AND WITHOUT MAGNETIC EXCITATION, RESPECTIVELY

20 25

The classical Si pressure sensor was first devdlbgeKurtz

and Goodman in the early 1970s [17]. It is based ol

anisotropic etching of Si, which results in a trated
pyramid forming the cavity of the sensor (see Feg). The
pressure is measured by (typically) four piezostbse
elements, placed at the location of highest stnaglsforming
a Wheatstone bridge (see Figure 8).

Coimbra, Portugal
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FIGURE 8
TYPICAL SI PIEZO-RESISTIVE PRESSURESENSORS

For a square diaphragm with siae a and thicknes#, the
change of resistanceAR, as a function of the applied
pressurep, can be calculated through

AR 1 12
E:—572'440', 0':0.051333.2F,

where 77,, is the piezo-resistive coefficient. Typical values

of 71,, for lightly doped Si are -13.6 Pand 138.1 Pafor
n-type and p-type Si, respectively [18]. Due to litigh
temperature sensitivity, the piezoresistors areoatralways
connected in a Wheatstone bridge configuratiortiuce the
effect of temperature variation. In this case, thaput
voltage of the bridge is a function of the inputltage
through

(4)

=V ﬁ
2R,

3
2
—-0.051%/, T, pa e
The resolution of the sensor, however, is deterchimg its
noise level, which is a function of the value oé ttesistors.
The lowest discrimination value is typically twitke root
mean square (RMS) of the thermal noise [19]

Vit =2y =2 /4KTRAT (6)

wherek =1.38<10%° W-s/K is the Boltzmann’s constarit,is
the absolute temperature, andf is the frequency

bandwidth of the amplifier used to amplify the sgn
herefore, using (5) and (6), one can estimateuttimate
pressure resolution for a given sensor design.

The pressure sensor project is also part of the MEM
curriculum at the University of Arizona. It provisi@ands-on
experience for both domestic and foreign exchamnggests.
Furthermore, the use of an established processafmblogy
allows students to confidently explore its creatiuse.
Examples of learning projects based on the curdenice
include

)

out n
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» Design of micro Pitot tube for airspeed velocity noise in plates.
measurements in a micro air vehicle (MAV) cantilevers.
deraraduate Ievel)' Mech. Behav. Of| Mutli-layered N/A Stresses and
(un_ 9 X ' Materials/ Yr Ill | cantilever strains  in
« Design of altimeter (undergraduate level); deflection anisotropic
« Design of temperature compensation circuitry brinciol d WE'VS'S- Motion in | mfAte”ab
. rinciples an otion In low
(gradu,ate Ievel)’ . . . Applications of Reynolds’s
* Analysis of the hysteresis and non-linear effents i Fiuid Dynamics/ number
the response (graduate level). Yrli environments.
Dynamics of [ N/A N/A N/A
Machines /Yr I
Instrumentation | Laboratory Laboratory Laboratory
Laboratory/  Yr| exercise on experiment on experiment
1] laser diodes and control of on bridge
photodetectors. electromagnetic balancing
[ll. MECHANICAL ENGINEERING CURRICULUM THROUGH field and its and readout.
MEMS PROJECTS gradient.
Engineering Stress-strain N/A Stress-strain
The three projects described here provide ampleComponent analysis  via analysis via
o : . Design / Yr 1l ANSYS ANSYS
opportunities for short-term projects of visitingsearchers. ¢ “© - oc of VA Bio-polymers — N/A
Wh||e |t |S Clear that Chem'cal, Opt|ca|, a.nd GIIEIEﬂ Materials for processing and
engineering students can successfully participatehese Engineers/ Yr Ill ~ use. _
projects, we also investigated the opportunitiesr fo EeS'Oft . fe:fo”“ deV'Cg fe:fo”“ dev'cg Z’efff’fmt .
. . . . . . . aporatory. r es! an €es! an evice es!
mec_hqnlcal engineering _students Wlth mterestslassmgl v analysis. analysis. and
disciplines such as solid mechanics, thermodynarics analysis.
participate in MEMS-based research. To this end,haee Capstone Design Design/improve Design/improve Design/impr
analyzed the discipline-specific courses in theengthduate LIV Yr IV thef sensor thed fObOtdS_h?pe' ove  the
. . . . . . performance. an rving sensor
mgchanlcal engineering _gurnculum_ at the_UnlversuIS/ mode. performance
Arizona, and have identified specific technicalkiaghat Develop
could be used to illustrate each course. These are multi-axis
summarized in Table I. force sensor
Heat Transfer/| N/A Use of heat Analyze
Yr IV diffusion self-heating
TABLE | equation to effects
DISCIPLINE SPECIFICCOURSESLEADING TO ABACCALAUREATES DEGREE analyze  drug
IN MECHANICAL ENGINEERING AT THEUNIVERSITY OF ARIZONA: elution.
THEMATIC CONNECTIONS TO THEMEMS PROJECTS Control Systems Implement Implement N/A
Design / Yr IV automatic laser closed-loop
Subject/ MEMS Project and Activity beam alignment position control
CurriculumYear | Cantilever Micro-Robot Pressure system. of the robot.
Sensor Sensor
Prob.  Solving| Demonstration = Demonstration — Demonstrati Based on the mapping between courses and projd, ti
mdl Eng. Desigr| only only on only is easy to develop activities for foreign mechahica
Introductory Cantilever beam Newton's Force vs. engineering exchange students regardless of thea af
Mechanics / Yr | | theory Second Law pressure, specialization. For example, a student visiting udrsity of
Fund. Tech. Of| Molecules and Beers law of Anisotropic Arizona in summer of 2007 from Ecole Nationale Sigqee
Chemistry Yr || surfaces, absorbance. — Etching of 4o Mecanique et d'Aerotechnique (ENSMA) traind in
adsorption Concentration Si. . . . . . .
isotherm measurements cIaSS|_caI fluid mechanics is working on a new esion
Introduction to| Light as EM Magnetic forces Piezoresisti technique to better encapsulate the micro-robottha
Electricity and| radiation. and  torques. ve effect. alginate gel. Interviews with the student indicatbat at
Magn. / Yr Il Absorbance, - Magnetic circuit ENSMA most of the curriculum is pre-determined ahnelre
reflection, and analysis. . . . .
diffraction is relatively little freedom allotted to the studem
Introduction  to| Photomask Photomask Photomask conducting independent research. During his workthosn
ﬁAD Design/ Yr | design. design. design. micro-encapsulation project at the University ofzana, the
Statics / Yr I N/A Mechanical N/A student hao_l to learn how to perform eff_ectlve da_ltere
equilibrium sear<_:h, de§|gn and carry out several experimenssipport
under magnetic of his project, and identify a mathematical modebsin
_ excitation. _ accurately representing his experimental conditiohs
Elements _ of| Transimpedance Electromagnets — Bridge contrast, the group of 13 students from Toyota Teldyical
Electrical Eng./| amplifiers for and driving circuit . . L .
Yr il PSD readout.  circuits. analysis. University participated in a lecture-based shomrse on
Thermodynamicg Thermodynamic Diffusion Kinnetic MEMS, supplemented with hands-on exercises. The
Vyredl equilibrium. kinetics. theory  of Japanese students appeared much less keen ornpptirtic
g‘g‘:ﬁ;ﬁ?” paees: Gas i a question-and-answer sessions during the kestusut
Dynamics / Yr Il | Vibrational N/A Modal demc_)nstrated a great deal of interest during thed$xan
modes. Thermal analysis of sessions and lab tours.
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IV. FACTORS INFLUENCING THE SUCCESS OF
INTERNATIONAL COLLABORATION

The main constraints associated with visiting sat®hrise
from the limited duration of the visit (4-6 monthghe lack
of knowledge of the local institutional researchtune and
available resources. It is important, therefore,ptovide

(6]

(7]

access to knowledgeable members of the host résearis]

group, as well as to critically review the scopethaf project
and decide on a project scope that could be coetpldiring
the length of the visit. Proper documentation dbiprvork
on a given project is also vital for the quick aidaipn of the
visiting researcher. Examples include access tinemnlata
base with presentations and research reportscipation in
research group meetings and discussions, and atieadf
seminars offered by members of the host institutiém the
case of MEMS fabrication requiring access to spieid
equipment, it is often more productive to ask al@®uper-
user to perform the operation and allow the visttofocus
on the interpretation of the results. Therefore, shccess of
the visiting researcher is strongly dependent an ptoject
organization at the host institution, the availipibf staff
able to assist them. A low-cost alternatives talkfledged
MEMS fabrication project are the analysis and testof
existing devices from previous projects, the dewelent of

(9]

(10]

(11]

(12]

(23]

software interface for existing experiments, ande th [14]

compilation of surveys of the state-of-the-artangiven
application area. Finally, the projects should \alldhe
visiting scholars to complete them and/or to ugerésults at
their home institutions, for example in satisfyiaglegree a
course requirement. An institutional agreementrptiothe

(18]

start of the project is a good way to formalize Fsuc [1]

arrangements.
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