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Foreword
The 12th annual NSTI Nanotechnology Conference and Trade Show were held this year in May 3rd to
7th at the George R. Brown Convention Center, Houston, Texas, USA. The conference was co-located
with Nano & Clean Technology Ventures, a series of Nanotech Workshops, Clean Technology 2009
and TechConnect 2009 - IP & Ventures. Overall, in excess of 3000 attendees and 200 exhibitors were
hosted by the conference organizers, while the resulting proceedings boasts over 2000 pages of peerreviewed micro and nanotechnology research.
Following two successful Special Issues in 2007 and 2008, this year, again, a number of authors
publishing in the Joint Electronics and Microsystems Symposia track were invited to submit a
revised version of their Nanotech09 papers to this journal special issue. Invitations were issued to best
papers selected from a number of symposia within the track, including: MEMS & NEMS, Sensors &
Systems, Micro & Nano Fluidics, and MSM – Modeling Microsystems. These symposia brought
together researchers from a number of disciplines to discuss topics ranging from theoretical
developments, to design and fabrication, through to industrial applications of MEMS and NEMS
sensors, devices and systems.
The joint symposia are motivated by the dream of smarter, smaller, and more complex systems that
integrate micro and nano system technologies with intelligence, power and communication ability at
the same micro or nano scale. The resulting increase in complexity poses an enormous challenge to
engineers when designing, modeling, and fabricating such integrated micro and nano systems. The
joint symposia offered researchers from different disciplines a forum to exchange ideas about how to
best develop usable and commercially viable micro and nano systems. A special feature of this year’s
Smart Sensors and Systems Symposium was the theme of Wireless Sensor Networks for Real-Life
Applications. This became a central feature of the event with a series of eight keynote and invited talks
on a variety of leading edge applications of the technology, as follows:
MEMS & Wireless: bringing the power of the small to the people
Elena I. Gaura, Cogent Computing, Coventry University, UK, Symposium Opening Keynote
Wireless and Mobile Sensor Networks for Smart Civil Structures
Yang Wang, Assistant Professor, Georgia Institute of Technology, Invited talk
Wireless sensor networks for space applications
Driss Benhaddou, Assistant Professor, Engineering Technology
University of Houston, Invited talk
1
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A Design Environment for the Cost Optimization of Wireless Sensor Networks, Michael Niedermayer,
Fraunhofer Institute for Reliability and Microintegration, Germany, Invited talk
Wireless Sensor Networks to empower the Amateur Home Eco Scientist, James Brusey, Senior
Lecturer in Computer Science, Faculty of Engineering and Computing, Coventry University, UK,
Invited talk
Wireless Sensor Networks for Emergency Response Applications, Radu Stoleru, Assistant Professor,
Department of Computer Science and Engineering, Texas A&M University, Invited talk
Experiences in Engineering Wireless Sensor Networks for Glaciers, Kirk Martinez, University of
Southampton UK, Invited talk
MEMS & Wireless: from devices to microrobotic swarms, Dan Popa, Assistant Professor of Electrical
Engineering Automation & Robotics Research Institute at UT Arlington, Invited talk
The interested reader can find further details on the symposium and the wireless sensing sessions,
together with all the invited and keynote presentations at
www.coventry.ac.uk/researchnet/d/489/a/6638
As with the wide micro and nano technologies span of the joint symposia, this journal special issue
includes papers ranging from those reporting on end-to end real-life sensing applications and systems
to those covering low-level physical aspects of micro and nano sensors and devices, their proof of
concept, characterization, modeling and fabrication. Samples of leading-edge device research are
brought forth by this Special Issue, on: novel strain gauge design, carbon nanotubes and nanowires
modeling and synthesis and sophisticated electro-thermo-mechanical modeling of microstructures,
microfabricated rotational actuators, and a revolutionary MEMS-based Ultra-High Data Density
Memory Device. At systems and applications level, the papers selected for the issue report on several
biosensors applications coupled with high level wireless sensing systems deployed to achieve
enhanced occupants comfort in buildings and enhanced safety in space and ground applications.
From the symposia submissions, 50 papers were selected and authors invited to submit extended
versions of their conference publication. Of these, following peer-reviewing, 24 were selected to be
published in this special issue.
We are very thankful both to the NSTI directors and Nanotech chairs (Dr. Matthew Laudon and
Dr. Bart Romanovicz) and to the Sensors & Transducers editors for offering the opportunity to publish
this special issue.

Enjoy!
Elena Gaura and James Brusey

2
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Guest Editors:
Dr. Elena Gaura
Reader in Pervasive Computing
Director of Cogent Computing Applied Research Centre
Faculty of Engineering and Computing
Coventry University, UK
E-mail: e.gaura@coventry.ac.uk
http://www.cogentcomputing.org
Elena Gaura received her BSc and MSc in Electrical Engineering from the Technical University of Cluj
Napoca, Romania in 1989 and 1991, respectively.
In 1992 she joined the Technical University of Cluj Napoca on a professional basis. In 1996 she came to the
UK, initially as a Research Assistant at Brunel University, Uxbridge. In 1998 she joined Coventry University, in
order to pursue her PhD, researching the integration of Artificial Intelligence and MEMS sensors to produce
enhanced performance Smart Microsystems. By the time her PhD was awarded in 2000, she was serving as a
Senior Lecturer in Computer Science at Coventry University. She was further appointed as inaugural director of
the Coventry University’s Cogent Computing Applied Research Centre in 2006, position she continues to hold.
Over the course of her career, she has accrued a sturdy academic reputation in the area of smart sensing systems
in general and wireless sensor networks in particular. She is an active disseminator of research both to the
academic community and the industry, has over 120 refereed publications, and is a frequent organizer of Smart
Sensing events.
Dr Gaura is a member of several microsystems advisory bodies, including the EPSRC College of Peers, and
chair of the UK Wireless Intelligent Sensing Interest Group (WiSIG).
Presently her research is with the development of deployable Wireless Sensor Networks for real-life
applications with a focus on: i) system design, ii) MEMS technology integration, iii) enabling closed loop
actuation based on multi-type sensing and sensor fusion, iv) integration of decision engines within poorly
resourced WSN systems and v) field phenomena event detection and representation, with the ultimate aim of
designing autonomous systems capable of large scale field sensing.

Dr. James P. Brusey
Senior Lecturer in Systems Engineering
Senior Research Fellow of Cogent Computing Applied Research Centre
Faculty of Engineering and Computing
Coventry University, UK
E-mail: brusey@coventry.ac.uk
http://www.cogentcomputing.org

James Brusey received the BSc degree in Computer Science and the PhD degree from RMIT University
(Melbourne, Australia) in 1996, and 2003, respectively.
In 2002, he joined the Institute for Manufacturing, a division of the Cambridge University Engineering
Department, as a Senior Research Fellow. Funding during this period included EU Framework 6 project,
Cambridge-MIT Institute funding, and funding from the Auto-ID Centre. In 2007, he joined the Coventry
University Cogent Computing Applied Research Centre as a Senior Lecturer and Senior Research Fellow. His
current research interests include: Bayesian approaches to state estimation for Wireless Sensor Networks,
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middleware and design patterns for WSNs, sensor node placement optimization. His PhD thesis entitled
Learning Behaviours for Robot Soccer won the Australian Computer Science Association Award for best PhD
thesis in 2004.
___________________
2009 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://www.sensorsportal.com)
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A Novel Strain Gauge with Damping Capability
Xiaohua LI and Cesar LEVY
Dept. of Mechanical and Materials Engineering
Florida International University, Miami, FL 33174, USA
Tel.: +1-305-348-3643, fax: +1-305-348-1932
E-mail: xli003@fiu.edu, levyez@fiu.edu

Received: 28 August 2009 /Accepted: 28 September 2009 /Published: 12 October 2009
Abstract: The goal of this work is to investigate the properties of a new type of multifunctional
composite which is based on multi-walled carbon nanotubes (MWCNT). The composite was prepared
from a paper like MWCNT film which was sandwiched between two adhesive layers. Two point probe
and four point probe methods were used to test its mechanical strain sensing properties. Nanoindentation
and direct shear tests were used to acquire the Young’s modulus and shear modulus of MWCNT film
composite. Its structural damping properties were investigated via a free vibration test. This new type of
carbon nanotube based composite may potentially serve simultaneously as both a strain gauge and a
damping treatment for use in structural vibration control. Copyright © 2009 IFSA.
Keywords: Multiwalled carbon nanotube film, Strain gauge, Structure damping

1. Introduction
Foil strain gauges are sensitive, stable, low cost and easy to apply transducers, and they have been
widely used for stress, strain and vibration measurement. Viscoelastic polymer patches have also been
popularly used for structural vibration damping and noise reduction since 1950’s. These are two
different components, made from different materials and processes, having two different functions,
would seem to have very little in common until recently. In this work, we report on a new type of
MWCNT based multifunctional material that can potentially serve as strain gauge and viscoelastic
damping treatment simultaneously, i.e., the new material integrates the transducer and the damping
patch into one element.
Since their discovery in 1991 [1], carbon nanotubes (CNTs) have been investigated intensively. Their
5
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extraordinary electrical and mechanical properties make them perfect candidates for many potential
applications. A relationship between the CNT mechanical deformation and its electrical resistance
change has been reported [2-3], which implies the possibility of using CNTs as nano-scale strain sensors.
Recently, a study [4] indicated that macro-scale single-walled carbon nanotube (SWCNT) films have
strain sensing capability. This strain sensing property can also be found in the pure MWCNT films and
was reported in [5]. Composite films made of CNT, which are usually manufactured by mixing a small
(0.5~10 %wt) amount of MWCNT or SWCNT with some sort of polymer, were investigated by a few
research groups. All of these CNT composites were reported to have the promising characteristic of a
mechanical strain sensor [6-8]. However, there is an issue of how one obtains the relation between the
applied strain and the carbon nanotube film resistance change, namely, the two point probe method [6-8]
and the four point probe method [4], since both methods were used for measurement of the CNT film
resistance. Large differences in the resistance of an individual MWCNT measured by two point probe
method and four point probe method have been reported [3]. This calls into question the reliability of the
CNT composite film resistance that was measured by these two methods. No experimental work has
been carried out to clarify this issue yet, and it was one of main goals of this work.
Structural damping is very important in many engineering applications. Polymers are typical structural
damping materials. The most common and effective way to enhance polymer damping capacity is to add
large aspect ratio carbon fibers. Carbon nanotubes are the smallest carbon fibers with much larger aspect
ratio and therefore are expected to have better damping enhancement capability. It has been reported,
both experimentally [9] and theoretically [10], that the addition of a small amount (<10 %wt) of well
dispersed CNTs into polymer matrices can boost the damping ratio of the composites dramatically. For
example, 5 %wt of MWCNT in epoxy can result in 700 % damping ratio increase [9]. Meanwhile,
experiments have shown that composites consisting of large amounts of aggregated, highly compacted
and tangled CNTs (>50 %wt) also exhibited good damping properties. Two cases were reported, the first
case was a high density pure MWCNT film prepared by the chemical vapor deposition method.
Investigation showed that the existence of such a MWCNT film increased the baseline structure
damping ratio by 200 % [9]. The second case was a laminated composite manufactured by sandwiching
single-walled carbon nanofiber paper/sheet between epoxy layers [11]. A 200-700 % damping ratio
increase was reported at higher frequencies. We now report a third case of a laminated composite that
was prepared from freestanding MWCNT films or “bucky paper” sandwiched between two layers of
adhesives having good damping character.
Although both the strain sensing property and the damping enhancement property have been reported for
CNT based composites, these investigations were reported in an unrelated manner. Previous
investigation of the simultaneous strain sensing and damping property characteristics for CNT based
composites have never been carried out because the composites were never considered to be
multifunctional materials. In this work, we report for the first time a multifunctional MWCNT film
composite, which is potentially able to serve as strain sensor and damping treatment simultaneously.

2. Experimental Preparation and Methods
2.1. MWCNT Sensor Preparation and Two Probe Strain Sensing Test
Freestanding MWCNT films (“bucky paper”) were purchased from Nano-Lab Inc. (Newton, MA) and
used “as is”. The MWCNT film was first cut into sensor strips of different sizes, and electrodes were
deposited by the thermal deposition method on both the film strip ends afterwards. The test specimen
had the sensors bonded to it and the sensors were sealed with extra adhesive layers on its top. The
preparation process for the MWCNT film sensors is shown schematically in Fig. 1. The description of
the preparation of the MWCNT film sensor is given in detail in [5]. Two specimens previously studied
by the two point probe method are shown in Fig. 2 (a). The sensing test results can be found in [5] as
6
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well, where a comprehensive investigation of the strain sensing property by the two point probe method
is detailed. For the purpose of completeness and convenience, the static tensile sensing test results are
summarized in Table 1 and one typical test result of the MWCNT film sensor is presented in Fig. 2 (b).
MWCNT
solution

MWCNT Film
(bulky paper)
(bucky
paper)
Filtration

Cut to size

MWCNT strip

Electrodes
deposition

Bonded to structure and sealed
by adhesive
Fig. 1. Preparation process of MWCNT strain sensor.

During the sensing test, the MWCNT films were connected to a Wheatstone bridge. Therefore, their
resistance changes were converted to the Wheatstone bridge output voltage change. The applied strain
was measured by a foil strain gage. Both the MWCNT sensor and the strain gage were bonded to the
center of the tensile specimen but on opposite surfaces of the test specimen. A total of ten samples with
different dimensions were prepared and tested and their performances were compared with that of the
foil strain gage. We can see from Fig. 2 (b) that the resistance of the MWCNT film changed almost
linearly with the applied strain, and the sensitivity factors (column 4 in Table 1) were comparable to that
of the foil strain gage, whose values typically range from 1 to 2.

(a)

(b)

Fig. 2. (a) Two specimen used previously for MWCNT film sensing test by two point probe method; (b) strain
sensing test results of a MWCNT film sensor (specimen 10); the slope of the fitted line is the sensitivity factor.
7
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To further study the multifunctional behavior of the MWCNT film composite sensor, four sets of
experiments were carried out to for analysis. They were: i) the two point probe and the four point probe
comparison test for clarification and verification of the previous conclusion related to the strain sensing
property; ii) nanoindentation test; iii) direct shear test to evaluate the composite’s mechanical property;
and, iv) the free vibration test to analyze the composite’s damping enhancement property. The following
sections will discuss the sample preparation, experimental setup and test procedure in detail. To compare
results to those found in [5], we used exactly the same MWCNT films in all of these four sets of
experiments. They were purchased and received at the same time and went through the same process.
Table 1. Linearity and sensitivity of the MWCNT film strain sensors,
with comparison to foil strain gage.

(a)

(b)

Fig. 3. (a) Configuration of MWCNT specimen for two point and four point probe resistance test;
(b) test coupon in the MTS machine.

2.2. Strain Sensing Test by Two Methods
The purpose of this re-analysis of the strain sensing test is to clarify the measurement reliability issue of
the two point probe method. Three MWCNT film samples were prepared, namely N1, N2 and N3. Each
sample was: 50.8 mm x 12.7 mm x 0.1 mm (2″ x 0.5″ x 0.0040″). Eight round aluminum
terminals/electrodes (diameter = ~1.78 mm (0.07″)) were deposited on the film surface symmetrically
8
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and aligned along the center line by the vacuum thermal deposition method to make solid and stable
contact between the film and the probes. Wires were then attached to ABCD or
1234 terminals/electrodes (refer to Fig. 3 (a)) by silver ink to serve as the probes for the four point probe
test. To compare the results between the two and four point probe test required the preparation of two
end terminals/electrode strips in the same manner as for the two point probe test. The probe space S was
12.70 mm (0.25″). In doing so, the ratio, t/S, satisfies the condition for using equation (1) to calculate the
resistivity/resistance change by the four point probe method [12]:

∆Rsheet =

∆ρ
∆V
= 1.9747 *
t
I

∆Rmeas = 2* ∆Rcontact + ∆Rsample ,

(1)

(2)

where in equation (1), ∆Rsheet is MWCNT film sheet resistance change that is calculated and is
considered the real value of the MWCNT film resistance change; ∆ρ is the resistivity change measured;
∆V/I is the voltage output reading from the voltmeter and the measurement is the four point probe
method. In equation (2), the measurement is the two point probe method; ∆Rmeas is the measured total
resistance change, which includes both contact resistance change and the film resistance change itself.
This value was calculated from the voltmeter output reading. ∆Rcontact is the contact resistance change
and ∆Rsample is the MWCNT film intrinsic resistance change, respectively; both are unknown values.
We take the ∆Rsheet from equation (1) as the real value for calculating ∆Rsample and use the calculated
∆Rsample in equation (2); the contact resistance ∆Rcontact can then be calculated. Equations (1) and (2)
were used for both the strain sensing tensile test and the zero load resistance measurement.
The strain sensing tensile test was performed on the same MTS machine (Fig. 3 (b)) and followed
exactly the same procedure as described in [5]. Each sample experienced the tensile test twice. The first
measurement used the two point probe method with Wheatstone bridge and the second measurement
used the four point probe method.

2.3. Mechanical Property Test

An important parameter of the MWCNT composite film is the Young’s modulus. Information about
composite film’s mechanical properties is beneficial in the design of the multifunctional components. It
is not easy to apply the traditional tensile test to small dimensional thin film samples for acquiring
Young’s modulus. Therefore, the nanoindentation test and the direct shear test were employed to obtain
the Young’s modulus for pure MWCNT film and the MWCNT film composite, respectively. A Hysitron
TI 900 Triboindenter was used to carry out the nanoindentation test. During the test a peak load of 70 µN
was employed, and each indentation experiment consisted of three steps: loading for 10 seconds, holding
the indenter at the peak load value for a time span of 4 seconds, and then unloading completely in
10 seconds. The measurement sequence consisted of 16 indents.
For the direct shear test, the sample (Fig. 4) was sandwiched between two aluminum bars. The MWCNT
film composite under test was 25.4 mm x 25.4 mm x 0.30 mm (1″x 1″ x 0.012″). The direct shear test
procedure followed the same tensile test procedure as employed in [5].
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Fig. 4. Specimen for direct shear test: MWCNT film was sandwiched between two aluminum plates.

2.4. Damping Property Test

The base beam for the MWCNT damping property test was a simple aluminum beam
(50.8mm x 6.99 mm x 0.2 mm (2″ x 0.275″ x 0.008 ″)). Free vibration displacement measurement was
adopted for the damping test, due to the small dimensions of the test samples. Two test specimens were
prepared: one was a cantilever beam coated with the MWCNT film composite and one was a cantilever
beam coated with pure adhesive layer only. The composite consisted of one layer of MWCNT film
sandwiched between two layers of adhesive (ethyl cyanoacrylate: 70 %, Poly (methyl methacrylate):
30 %). Coatings for both specimens were 0.30 mm (0.012″). Both cantilever beams were given the same,
small, initial displacement and then released for free vibration. A laser vibrometer (Polytec OFV 2500
controller and OFV 350 sensor head) was used to measure the free end displacements, and the vibration
signal was displayed and stored on a two channel digital oscilloscope (Tektronics TDC 2024B). The test
setup and the test samples are schematically shown in Fig. 5.

50.8 mm
0.3 mm

0.3 mm
Pure adhesive

MWCNT film

Base beam
(a)

(b)
Fig. 5. Damping test setup and the test samples.

3. Results and Discussion
Fig. 6 shows an example of the strain sensing results from sample N3 by the two point and four point
probe. Sensitivity factors were calculated by equation
SF =

∆R ,
Rε

(3)
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where ∆R is the MWCNT film resistance change, R is the original resistance and ε is the applied strain.
Measured and calculated resistance change and resistivity change can also be calculated by equations (1)
and (2), respectively. Data are summarized in Table 2. It can be seen from Fig. 6 that the test results from
the four point probe method and the two point probe method were similar in nature. Conclusions

(a)

(b)

Fig. 6. Strain sensing test by (a) the two point probe method; and (b) the four point probe method.

Table 2. Comparison between the two probe and four probe test results.
Zero Load Test
Sample
N1
N2
N3

Method
2 probe
4 probe
2 probe
4 probe
2 probe
4 probe

R(ohm)

ρ (ohm-mm)

∆R

76.89
95.63
85.34
-

2.1916
1.1670
2.7323
1.3376
2.4383
1.0731

0.0806
0.6208
0.0719
0.4870
0.0703
0.4507

Tensile Test
Sensitivity
∆ρ
Factor
0.0023
2.62
0.0177
38.27
0.0021
1.88
0.0139
26.06
0.0020
2.06
0.0129
30.73

%
Error
11.03
16.21
14.01
13.78
17.29
17.20

drawn from the two point probe method, i.e., the MWCNT film resistance/resistivity changes with
applied strain were confirmed by the four pint probe method, but the four point probe method indicated
a higher sensitivity factor. The values in the two point probe group were typically about 15 times smaller
than those of the four point probe group (Table 2). Also, it can be seen that the two methods showed the
same behavior with respect to signal linearity (Fig. 6). Actually, the measured signal linearity values are
close to each other (see the % error column in Table 2). The linearity result was consistent with another
investigator’s work [4], which employed the four point probe method to measure the resistance change
of a SWCNT film. Since the four probes method did not include the contact resistance change and
showed much higher sensitivity factors, we would propose use of this method instead of the two probe
method.
Typical MWCNT film Young’s modulus was found to be in the range of 0.3-8 GPa (Fig. 7 by
nanoindentation method). The porousness of the microstructure (relative density 50 %) of the MWCNT
film is responsible for this large variation [5]. The direct shear test (Fig. 8) was used to calculate the
11
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Young’s modulus of the MWCNT composite and the pure adhesive material and both were found to be
around 7.04 MPa. The results reported in [9] were found to be compatible with our results. Thus, we
deduce that the insertion of the MWCNT film into the adhesive did not have an effect on the elastic
modulus of the composite. Though the Young’s modulus of MWCNT film ranged from 0.3 GPa to
8 GPa by the nanoindentation test, the calculated mechanical strength of the composite and that obtained
via its interfacial shear strength were found to be 4.99 MPa and 3.19 MPa, respectively. It can be seen
clearly that the shear modulus and Young’s modulus of the composite were controlled by the adhesive
material, while the mechanical shear strength was affected by the existence of MWCNT film.

Fig. 7. Nanoindentation test results for the MWCNT film.

Fig. 8. Direct shear test results.

The damping test results by the method of free vibration decay are shown in Fig. 9. Damping ratios for
the structures were calculated using an equivalent single degree of freedom (SDOF) model, namely [13]:

ζ =

x
1
ln( 1 ) ,
2π m xm +1

(4)

where x1 is an arbitrary chosen maximum displacement, and xm+1 is the (m+1)st maximum displacement
in the sequence thereafter. Here, m is the number of vibration cycles between the two measurement
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points. The test results are summarized in Table 3. We note that the insertion of MWCNT film into pure
adhesive layers increased the structural damping ratio by 110.57 % (from .003129 to .006589) with only
12.57 % extra mass added. These test results indicated that the MWCNT film composite exhibited good
damping ability.
By using the same SDOF model, we can calculate the damping characteristic of the MWCNT composite
and the system. The relationship between the material viscous damping coefficient, c, system stiffness,
K, system mass, M, the system natural frequency, ω, and the structure’s damping ratio is [13]:

ζ =

c
c
=
2 KM 2M ω

(5)

The possible reason for the increased damping ratio is that the MWCNT composite has a much higher
damping coefficient, c, considering that K and M both increased when extra mass was added to the beam
with adhesive coating. This new carbon nanotube film composite material showed a 225 % increase in
damping coefficient compared to the pure adhesive materials. Results found in this study were
compatible with the results of another research group [11].
Table 3. Summary of the damping test results.
(f1 is the system first natural frequency; c is the equivalent material viscous damping coefficient,
ζ is the system equivalent damping ratio)
Specimen
Beam with adhesive
Beam with MWCNT
composite

(a)

Mass (gram)
0.31467

f1 (Hz)
48.08

ζ
0.003129

c
0.000595

0.35423

45.66

0.006589

0.001339

(b)

Fig. 9. Free vibration damping test (a): beam with adhesive only; (b) beam with MWCNT composite.

4. Conclusions
The goal of this work was to investigate the properties of a new type of multifunctional composite which
was based on multi-walled carbon nanotubes (MWCNT). The composite was prepared from a paper like
MWCNT film which was sandwiched between two adhesive layers. Results by the four point probe
13
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method confirmed the results previously obtained by the two point probe method, namely, MWCNT
film resistance/resistivity changed almost linearly with applied strain. Nanoindentation testing results
yielded Young module values of MWCNT film comparable to those of other investigators. The direct
shear test results indicated that the insertion of the MWCNT did not improve the Young’s modulus of
the composite. Also, the mechanical strength of the MWCNT composite was determined by the
interfacial shear strength between the MWCNT and the adhesive. Free vibration tests indicated that with
approximately 12.6 % extra mass added, the MWCNT film can increase the structural damping ratio by
close to 111 %. Our results indicate that MWCNT film has the potential of serving as a multifunctional
material, i.e., concurrently acting both as a strain sensor and as a damping treatment, for structural health
monitoring and vibration control application.
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Abstract: Conventional designs for MEMS parallel-plate tunable capacitors suggest the use of
rectangular electrodes and linear structural stiffness which have two drawbacks; low tunability (up to
50 %) and nonlinear capacitance-voltage (C-V) response. This paper presents a novel fishbone-shape
parallel-plate capacitor with high tunability and linear C-V response. The moving electrode consists of
a set of lateral cantilever beams of different lengths, attached to a longitudinal fixed-free beam which
resembles the spinal column of a fishbone. When a DC voltage is applied, the beams undergo out-ofplane deformations, the gap between the fixed and moving electrode reduces and the capacitance
increases. As the bias voltage is increased and depending on the length and location of the beams, local
pull-in occurs on every beam at different voltages. In addition, an insulation layer prevents direct
contact between the electrodes leading to a controlled C-V response. Using ANSYS® FEM
simulations, a design optimization has been performed to enhance the C-V response for higher
tunability and linearity. Simulation results exhibit tunabilities over 200 %, 4/5 of which is highly
linear. The experimental data obtained from capacitors fabricated using PolyMUMPs display similar
trends with reasonable deviation caused mainly by fabrication uncertainties. The design methodology
introduced in this paper could be easily extended to other design geometries. Copyright © 2009 IFSA.
Keywords: MEMS tunable capacitor, Fishbone-shape electrode, Linear response, Structural
nonlinearity
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1. Introduction
MEMS parallel-plate tunable capacitors with electrostatic actuation have applications in diverse areas
such as tunable filters and phase shifters, resonators, sensors, actuators and micro-grippers. In
communication and wireless engineering, such devices are desired for their quick responses, low
energy consumptions and small sizes [1-3]. A parallel-plate capacitor usually consists of two
electrodes, one patterned on the substrate and the other one suspended by supporting beams modeled
as mechanical springs. The capacitance of such a device is obtained from:
C=

ε0A
g

,

(1)

where A is the area of the electrodes, d is the gap in between and ε0 is the permittivity of air. When a
bias voltage, V, is applied, the electrostatic force obtained from
ε AV
Fe = 0 2
2d

2

(2)

deforms the supporting beams and reduces the air gap. The gap size can then be obtained by solving
the equation of static equilibrium:
ε 0 AV 2
2d 2

− keq (d 0 − d ) = 0 ,

(3)

where keq represents the stiffness of all supporting beams and d0 is the initial gap. The nonlinearity of
the coupled electrostatic-structural equation (3) results in a nonlinear C-V response (Fig. 1). As the
voltage is increased, the electrostatic force grows faster than the structural resistive force and causes
structural instability and thus, pull-in happens at d = 2/3d0. Another important parameter on the
operation of a parallel plate capacitor is the tunability, which is defined as the percentage of
capacitance change. Due to the pull-in effect, electrostatically actuated parallel-plate capacitors have
limited tunability of 50 %. The tunability and the nonlinearity of the C-V response are the main
drawbacks of such devices.

0.45

C

Capacitance

max

0.35

Vpull−in

C

0

0.25
0

2

Voltage

4

6

Fig. 1. C-V response of a conventional parallel-plate tunable capacitor.
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Different designs introduced in the literature offer tunabilities higher than 50 %. For example, BakriKassem and Mansour [4, 5] and Gray et al. [6] proposed designs with structural enhancements, where
nonlinear stiffness used in the design generates larger resistive force and increases the maximum
capacitor tunability to over 400 %. Using separate actuation and sense electrodes, Rijks et al. [7]
reported tunabilities over 1700 %. The same technique has also been used by other researchers to
achieve tunabilities ranging from 100 % to 700 % [8, 9]. The C-V responses in such designs are
generally divided into two distinct “tuning” and “switching” regions, where in the latter, a small
change in voltage causes jump in capacitance, making the large portion of the C-V response unusable.
Comparing to several highly tunable capacitors presented in the literature, research focusing on the
linearization of capacitance-voltage curve is scarce. Dai et al. [10], Seok et al. [11] and Tsai et al. [12]
reported finger-type capacitors with 10 %, 50 % and 118 % tunabilities, respectively. Shavezipur et al.
[13, 14] introduced different design techniques to linearize the response of parallel-plate tunable
capacitors. For instance, by exploiting the structural nonlinearity [13] and novel electrode geometries
[14] they obtained maximum tunability up to 150 % and linear tunability over 70 %. Bakri-Kassem
and Mansour [15] and Shavezipur et al. [16] also used the residual stress induced in the moving
electrode to linearize the C-V response and to extend the tuning range of the device.
In this paper, a fishbone-shape capacitor that provides high tunability and linearity is introduced. The
electrodes are made of a set of lateral cantilever beams connected to a longitudinal one. The controlled
structural flexibility resulting from this novel electrode shape and the insulation between electrodes are
key design concepts developed in this research to achieve higher tunability and linearity.

2. Fishbone-Shape Capacitors
A fishbone-shape tunable capacitor is shown in Fig. 2. The moving electrode consists of a longitudinal
beam, anchored at the mid-span, and several lateral cantilever beams of different lengths, connected to
the longitudinal one at both sides.

Fig. 2. Fishbone-shape tunable capacitor.

Due to the structural flexibility, when a bias voltage is applied, a distributed electrostatic force
(Fig. 3-a) deforms the longitudinal and lateral beams and therefore, the air gap varies along the beams
lengths. The gap size for the ith beam is obtained from:
d i ( x) = Di − zi ( x) ,

(4)

where Di is the beam’s rigid-body displacement due to deformation of the longitudinal beam. The out17
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of-plane deformation of the ith beam, zi(x), under the distributed electrostatic force, fi(x), (see Fig. 3-b)
can be found from:
EI i zi IV ( x) = f i ( x)

(5)

ε 0 wiV 2

f i ( x) =

(6)

2d i ( x ) 2

and wi is the width of the ith beam. The differential equation (5) is nonlinear and doesn’t have a closedfrom solution. It can be solved using numerical techniques, e.g., finite element methods (FEM), to
determine the air gap between two electrodes at each voltage. Once the gap size for the entire electrode
surface is known, the capacitance is calculated from:
C=∫

A

ε 0 dA

(7)

d

As the bias voltage is increased, the gap decreases and changes the device capacitance. Since the
structural rigidity and electrostatic force vary from one beam to another, a “local pull-in” for each
beam occurs at a different voltage. The direct contact between the electrodes, after the local pull-ins,
can be prevented if an insulation layer is placed in between. This is the main principle of the proposed
design technique that can eliminate big jumps in the C-V curve, as will be illustrated later.

(a)

(b)

Fig. 3. ith lateral beam and its displacement; (a) Simplified model; (b) Beam deformations.

To study the behavior of a fishbone-shape capacitor, an FEM simulation was performed using
ANSYS®. The ESSOLV command, a solver for coupled electrostatic-structural physics, was used to
iteratively solve the nonlinear electrostatic and structural governing equations and converge to the
static equilibrium. In the simulation, the electrostatic and structural physics are modeled and meshed
with different element types (i.e., SOLID122 for the electrostatic field and SOLID186 for the
structural domain). The electrostatic solver calculates the nodal forces acting on the electrodes and the
structural solver calculates nodal displacements subjected to the distributed force obtained from
electrostatic solution. The nodal forces and displacements are iteratively transferred between the two
solvers, and iteration continues until the convergence errors in both physics reduce to less than predefined values. The mechanical contact is defined in the structural domain, where the contact surfaces
are meshed using TARGE170 and CONTA174 elements, and the nonlinear solver examines the
occurrence of contact at each structural iteration.
The capacitor studied in this section was designed for the PolyMUMPs process [17], where the fixed
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and moving electrodes are made of Poly0 and Poly2 layers, respectively. The initial gap between the
electrodes is 2.75 µm. The separation of two electrodes is provided by the DIMPLE mask. This
technique limits the minimum distance between two electrodes to 0.75 µm, as shown in Fig. 4, and is
equivalent to a virtual insulator with the same permittivity of air, εr = 1.

(a)

(b)

Fig. 4. (a) Virtual insulator between the two electrodes using the DIMPLE mask from PolyMUMPs;
(b) SEM image of the fabricated teeth.

In Fig. 5, the dimensions for a ¼ symmetric model equipped with three uneven lateral beams are
shown. The electrode dimensions are summarized in Table 1. It should be mentioned that if the
number of lateral beams increases or an asymmetric device is designed, then higher linearity is
achievable. However, this drastically increases the computation time and therefore to demonstrate the
capabilities of proposed design technique, three lateral beams were used in this paper.

Fig. 5. A ¼ model of a symmetric fishbone shape capacitor with three independent beams.

Table 1. The dimensions of a symmetric fishbone-shape capacitor (all dimensions in µm).
L w
460 40

L1 L2 L3 w1 w2 w3 h1 h2 h3
90 180 270 50 50 50 110 175 155

The results of ANSYS® simulations are presented in Figs 6 a and 6 b. For this capacitor, the unability
exceeds 200 % at V = 20 V. As can be inferred from Fig. 6 b, this design also eliminates the pull-in.
Furthermore, the use of several lateral beams with different lengths breaks down the C-V response into
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small sub-sections. These are the result of the local pull-in happening at each one of the beams which
considerably improves the linearity of the response.

Capacitance (pF)

2.00
1.75
1.50
1.25
1.00
0.75
0.50
0

(a)

5

10
Voltage (V)

15

20

(b)

Fig. 6. ANSYS simulation results for the ¼ model; (a) electrode deformations, (b) C-V response.

This example shows that fishbone-shape electrodes can improve the device tunability. For this
capacitor, the tunability exceeds 200 % at V = 20 V (refer to Fig. 6-b). Furthermore, increasing the
number of lateral beams of different lengths could break the C-V response down to smaller subsections, thus considerably improving the response linearity. As shown in Fig. 6-b It also eliminates
the pull-in effect.
To quantitatively express the level of linearization, the coefficient of linear correlation between
capacitance and voltage as the linearity factor, LF, is considered [13, 14, 18]:
LF =

∑ CiVi − ∑ C i ∑Vi
2
2
[n∑ Ci 2 − (∑ Ci ) ][n∑Vi 2 − (∑Vi ) ]
n

(7)

LF for the C-V response of a conventional parallel-plate capacitor (Fig. 1) is 0.865 and as the response
approaches a line, LF approaches 1.0. For the response presented in Fig. 6-b, LF = 0.988 for voltage
interval 2 V < V < 9 V, and the corresponding so-called “linear tunability” is 140 %.

3. Design Optimization
Parallel-plate tunable capacitors with fishbone-shape electrode exhibit higher tunability and linearity
compared to conventional designs. It is possible to further improve the response linearity by
optimizing the size and location of lateral beams. In this case, the optimization problem is defined in
the following form:
max LF ( Li , hi , w, L)
subject to :
hi < h0

(8)

L < L0
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where h0 and L0 are dimensional constrains. To obtain an optimum C-V response with highest linear
tunability, different sets of design variables (see Table 2) are examined using ANSYS simulations. As
shown in Table 2, Cap IV provides the best results and the tunability in linear region, 2 V < V < 10 V,
reaches 159 % with LF = 0.998 and its C-V response, displayed in Fig. 7, demonstrates a high
linearity. For all capacitors presented in Table 2, the maximum tunability exceeds 200 %. It is worth
noting that in the optimization problem defined by equation (8), it is possible to define either a higher
tunability or a combination of tunability and linearity as the objective of the optimization. One can also
add the process limitation as the optimization constraint. Also, the design technique proposed in this
paper is not limited to fishbone-shape and based on design requirements and process capability can be
extended to other flexible geometries. Finally, if a dielectric layer is deposited on the top of a fixed
electrode, higher tunabilities are expected to be obtained.
Table 2. Linear tunability and LF for fishbone-shape capacitors with different dimensions.
Design parameter (µm)

Cap I

Cap II

Cap III

Cap IV

L

460

460

460

460

w

40

40

40

40

L1

90

100

100

110

L2

180

180

180

180

L3

270

260

260

250

w1

50

50

50

50

w2

50

50

50

50

w3

50

50

50

50

h1

110

90

180

180

h2

175

190

100

80

h3

155

160

160

180

Linear tunability (%)

140

146

148

159

LF

0.988

0.994

0.996

0.998

Capacitance (pF)

1.9
1.7
1.5
1.3
1.1
0.9
0.7
0.5
0

5
Voltage (V)

10

15

Fig. 7. C-V response of the optimized design, Cap IV.
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4. Fabrication and Experiments
It was numerically demonstrated that each lateral beam creates a discontinuity in the C-V response and
improves its linearity. As mentioned before, due to computation limitation, a symmetric model was
simulated, nonetheless, an asymmetric fishbone-shape capacitor is expected to exhibit higher linearity.
To experimentally investigate the effect of asymmetry on linearization of the C-V response, the
dimensions presented in Table 2 for Cap I, Cap II, Cap III and Cap IV were used to fabricate an
asymmetric capacitor shown in Fig. 2. During testing, the bias voltage is applied to the pads and the
capacitance is measured using an Agilent E4890A Precision LCR meter. To minimize the parasitic
capacitance of the polysilicon substrate, the silicon nitride layer is breached and the fixed electrode is
electrically connected to the substrate using the technique implemented in [17]. This is done by using
ANCHOR1, DIMPLE, ANCHOR2 and POLY1_POLY2_VIA masks to etch the silicon nitride layer.
The resulting measured C-V response is shown in Fig. 8. As shown in this figure, there are several
discontinuities in the response which demonstrates the fact that an asymmetric design can lead to
higher linearity. However, it can be observed that there are discrepancies between the finite element
simulations and experimental. In an earlier work, the authors have studied the effect of dimensional
fabrication tolerances on the performance of parallel-plate capacitors [19]. In this design, similar
trends are observed. For instance, due to the deviation of the thickness of the structural and sacrificial
layers from the nominal values used in the simulations, the contact between the beams and the fixed
electrode occurs at voltages which deviate from nominal values. The change in material properties also
causes the displacement of the beams to deviate from the simulations. These parameters will directly
affect the linearity of the response. It is also observed that the measured initial capacitance is slightly
higher than the simulated value, which can be attributed to the smaller initial gap between two
electrodes and the small initial deformations of the fixed-free structure. Despite the discrepancy
between the simulations and the experimental results, Fig. 8 illustrates that the proposed design
technique can be advantageously used to enhance the device performance. The total tunability of the
capacitor at V = 17.5 V is 120 % and for the linear region, the linear tunability is 100 %. The linearity
factor for this region is LF=0.982, which although is less than the theoretical value, it shows a notable
improvement over conventional parallel-plate capacitors.

Capacitance (pF)

1.5
1.3
1.1
0.9
0.7
0

2

4
Voltage (V)

6

8

Fig. 8. The measured C-V response in the linear region for an asymmetric fishbone-shape capacitor fabricated
using PolyMUMPs.

It should be added that the Q-factor for capacitors fabricated with PolyMUMPs is considerably low
because it is a lossy process, not ideal for high frequency applications. A high Q-factor could be
achievable if a fishbone-shape capacitor is fabricated using a metal-based process. Furthermore, if a
real thin insulation layer with high relative permittivity, εr, is deposited on the top of fixed electrode,
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the maximum tunability of the capacitor could drastically increase. Moreover, it is possible to modify
the objective function of the optimization scheme to maximize the tunability or obtain a desired
sensitivity in a given region of the C-V curve. Finally, the design technique introduced in this paper is
not limited to fishbone-shape and, depending on the fabrication limitations, different geometries can be
exploited to achieve a highly linear response.

5. Concluding Remarks
A novel fishbone-shape tunable capacitor was introduced. The device has a flexible electrode with a
combination of cantilever beams, undergoing different out-of-plane displacements when a bias voltage
is applied. The flexible moving plate and nonlinear structural stiffness generated by the contact
between the two electrodes enhance the capacitor behavior by increasing the response tunability and
linearity as well as eliminating the pull-in. ANSYS® simulations and experimental data show
promising results where tunabilities up to 120% and linearity factors as high as LF = 0.982 were
achieved for an asymmetric capacitor fabricated with PolyMUMPs. It should be noted that it is
possible to modify the objective function of the design optimization to maximize either the tenability
or the linearity. Capacitors fabricated using processes with highly conductive structural layers and a
thin dielectric layer deposited on the top of the fixed electrode are expected to offer higher tunability
and Q-factor which will make them ideal elements for wireless and RF applications. Depending on the
fabrication limitations, the design technique presented in this paper can be easily extended to different
electrode shapes and structural constraints for a combination of high tunability and linearity.

Acknowledgements
The authors wish to acknowledge the supports provided by Natural Sciences and Engineering Research Council
of Canada (NSERC) and Ontario Centres for Excellence (OCE).

References
[1]. H. D. Wu, K. F. Harsh, R. S. Irwin, W. Zhang, A. R. Mickelson and Y. C. Lee, MEMS Designed for
Tunable Capacitors, IEEE MTT-S Digest, 1998, pp. 127-129.
[2]. Z. Xiao, W. Peng, R. F. Wolffenbuttel and K. R. Farmer, Micromachined Variable Capacitors with Wide
Tuning Range, Sensors and Actuators, A, 104, 2003, pp. 299-305.
[3]. Saha, S. C., Hanke, U., and Sæther, T., 2006, Modeling, Design, and Simulation of Tunable Band Pass
Filter Using RF MEMS Capacitance and Transmission Line, Proc. of SPIE, Vol. 6035,
pp. 60350C-1-60350C-11.
[4]. Bakri-Kassem, M., and Mansour, R. R., An Improved Design for Parallel Plate MEMS Variable
Capacitors, IEEE Trans. on Microwave Theory and Techniques, Vol. 52, Issue 3, 2004, pp. 831 -837.
[5]. Bakri-Kassem, M., and Mansour, R. R., 2006, A High-tuning-range MEMS Variable Capacitor Using
Carrier Beams, Canadian J. of Electrical and Computer Engineering, Vol. 31, No. 2, pp. 89-95.
[6]. Gray, G. D., Morgan, M. J., and Kohl, P. A., Electrostatic Actuators and Tunable Micro
Capacitors/Switches with Expanded Tuning Range Due to Intrinsic Stress Gradients, Proc. of SPIE,
Vol. 4981, pp. 202-213.
[7]. Rijks, T. G. S. M., Van Beek, J. T. M., Steeneken, P. G., Ulenaers, M. J. E., De Coster, J., Puers, R., RF
MEMS Tunable Capacitors with Large Tuning Ratio, in Proc. of IEEE Int. Conf. on
Microelectromechanical Systems, 2004, pp. 777-780.
[8]. A. J. Gallant and D. Wood, The Modelling and Fabrication of Widely Tunable Capacitors, J. Micromech.
Microeng. 13, 2003, pp. S178-S182.
[9]. J. Chen, J. Zou, C. liu, J. E. Schutt-Aine and S. Kang, Design and Modeling of a Micromachined High-Q
Tunable Capacitor with Large Tuning Range and a Vertical Planar Spiral Inductor, IEEE Transaction on
Electron Devices, Vol. 50, No. 3, March 2003, pp. 730-739.
23

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 15-24

[10].Dai, C., Liu, M., and Li, Y., A Linearly Tunable Capacitor Fabricated by the Post-CMOS Process, Proc. of
SPIE, Vol. 5836, 2005, pp. 642-648.
[11].Seok, S., Choi, W., and Chum, K., A Novel Linearly Tunable MEMS Variable Capacitor, J. Micromech.
Microeng., 12, 2002, pp. 82-86.
[12].Tsai, C., Stuper, P. A., Borwick, R. L., Pai, M., and DeNatale, J., An Isolated Tunable Capacitor with a
Linear Capacitance-Voltage Behavior, in Proc. of the 12th Int. Con. on Solid-State Sensors, Actuators and
Microsystems, V. 1, 2003, pp. 833-836.
[13].Shavezipur, M., Khajepour, A., and Hashemi, S. M., The Application of Structural Nonlinearity in
Development of Linearly Tunable MEMS Capacitors, J. of Micromech. and Microeng., 18, 3, 2008,
pp. 035016-1-8.
[14].Shavezipur, M., Khajepour, A., Hashemi, S. M., A Novel Linearly Tunable Butterfly-shape MEMS
Capacitor, Microelectronics Journal, Vol. 39/5, 2008, pp. 756-762.
[15].Bakri-Kassem, M., and Mansour, R. R., Linear Bilayer ALD Coated MEMS Varactor with High Tuning
Capacitance Ratio, J. of Microelectromechanical System, Vol. 18, No. 1, 2009, pp. 147-153.
[16].Shavezipur, M., Nieva, P., Khajepour, A., and Hashemi, S. M., Effect of Nonlinear Structural Stiffness on
the Response of Capacitive MEMS Devices, in Proc. of the Nanotech Conference and Expo, Houston, TX,
May 3-7, 2009, 2009, pp. 1-4.
[17].Koester, D., Cowen, A., Mahadevan, R., Stonefield, M., and Hardy, B., PolyMUMPs Design Handbook,
MEMSCAP©, 2003.
[18].Weisstein, Eric W., Correlation Coefficient, MathWorld, A Wolfram Web Resource, 2006,
http://mathworld.wolfram.com/correlationcoefficient.html
[19]. Shavezipur, M., Ponnambalam, K., Khajepour, A., and Hashemi, S. M., Fabrication Uncertainties and
yield optimization in MEMS Tunable Capacitors, Sensors and Actuators A: Physical, 147, 2008,
pp. 613-622.
___________________
2009 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://www.sensorsportal.com)

24

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 25-33

Sensors & Transducers
ISSN 1726-5479
© 2009 by IFSA
http://www.sensorsportal.com

Micro-fabricated Rotational Actuators for Electrical Voltage
Measurements Employing the Principle of Electrostatic Force
1,2

Jan DITTMER, 2Rolf JUDASCHKE and 1Stephanus BÜTTGENBACH
1

Institute for Microtechnology (IMT), Technische Universität Braunschweig,
Alte Salzdahlumer Str. 203, 38124 Braunschweig, Germany
Tel.: +49-531-391-9747
2
Physikalisch-Technische Bundesanstalt (PTB),
Bundesallee 100, 38116 Braunschweig, Germany
E-mail: j.dittmer@tu-bs.de

Received: 28 August 2009 /Accepted: 28 September 2009 /Published: 12 October 2009
Abstract: In this paper, we present an advanced RMS voltage sensor based on rotating parallel-plate
capacitors based on the principle of electrostatic force. The actuator is built using a micromechanical
thin bulk silicon batch process yielding structures with a high sensitivity mainly due to a low
mechanical spring constant, realized with thin and long beams. Metal layers provide separated
excitation and sensing electrodes. The actuator is anodically bonded on a matching glass substrate with
a shallow rectangular cavity in which the opposite electrodes are located and which defines the
working distance to be as low as 2.5 µm. To avoid stiction, bumpers with a small contact area
physically prevent short circuiting under pull-in conditions and thus improve the reliability. Finally
design choices and the micromechanical fabrication process are explained. Moreover, DC and RF
characterization results of the devices are presented showing successful operation from below 10 Hz
up to more than 1 MHz. Copyright © 2009 IFSA.
Keywords: MEMS, Metrology, RMS voltage sensor, High-frequency Measurements, Bulk silicon,
Anodic bonding, Batch process

1. Introduction
In this paper, a micro machined silicon actuator for DC and RF voltage measurements is presented.
The conventional method for traceable high-frequency voltage metrology is based on power
dissipation measurement of ohmic resistances, allowing RMS voltage conversion by the square power
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law. Employing the principle of electrostatic force is an alternative method to solve this problem [1]. It
takes advantage of a completely different physical principle. Due to the quadratically decreasing force
as a function of distance it is necessary to utilize micromachining for the construction of such a sensor.
Comb-like structures are often used in sensors and actuators for this task, allowing the use of surface
micromachining technologies, but showing unwelcoming parasitic effects. For metrology applications
it is preferable to have a well calculable structure with as few parasitic effects as possible. Therefore, a
parallel plate setup is chosen for actuation and sensing. Voltage excitation leads to a rotation of the
actuator which in turn is detected using either the integrated electrodes for capacitance measurement or
by optical detection. By operating the device above its mechanical resonance frequency, the mean
force is proportional to the RMS value of the voltage excitation.
The presented sensor allows rotational movement around an axis above the center of the electrodes.
The actuated element is made of a 20 µm thick dry-etched silicon layer, combining the elastic, but
stiff, properties of silicon with a very low spring constant, resulting in a high sensitivity with a low
overall device footprint. In this paper we summarize the necessary theoretical foundation, present the
optimized batch fabrication process, and finally show DC and RF measurement results. The process
allows simultaneous production of 64 sensors in one production run on a standard 100 mm wafer
resulting in devices with better mechanical properties compared to manual assembly. A similar but
stiffer design based on bulk silicon is presented in [2]. Related work in this area involves non-rotating
linear sensors [3] with a lower sensitivity and surface micromachined sensors for higher
frequencies [4].

2. Theory of Operation
For the derivation of the analytical model, we consider a simplified model of the geometry as shown in
Fig. 1. A movable plate of size B x 2L is suspended at its center with two beams of length l having a
rectangular cross-section w x t. On each end of the plate an electrode is located with a non-movable
counterpart at the initial distance h0 on the opposite side forming the capacitors CA and CB.

Fig. 1. Geometrical model of the torsional actuator showing the important dimensions
of the actuator and of the capacitive electrodes.

Applying a voltage to a pair of electrodes creates a moment MU around the tilting axis, leading to a
deflection of the plate by the angle φ. This in turn leads to a counter moment Mk due to the twisted
beams of the suspension. The attracting moment is increasing more than linearly with increasing
deflection angle; the restoring moment is only proportional to the angle. When those moments cannot
balance each other any more, the so called pull-in point is reached. The actuator moves to the
mechanical end position φmax = sin-1(h0/L).
This pull-in voltage Upi is commonly expressed as [5]:
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U pi = 0.827

kφ h03

ε 0 BL3

,

(1)

with the restoring spring constant kφ
kφ =

ESi ⋅ β ⋅ t ⋅ w3
l (1 + ν Si )

(2)

E, υ are the Young’s modulus and Poisson’s ratio of the material (Silicon in this case) respectively, and
β is a numerical constant depending on the ratio t / w (typically 0.4).
To design a high sensitivity device, a large actuator with a long lever arm attached to the support by
long and slender beams has to be chosen. The initial spacing h0 between the electrodes has also to be
as low as possible as well. This increases the capacitance of the structure, and thereby the load on the
incident wave. By tuning the spring constant to be as low as possible the sensitivity can be increased
without increasing the load.
For RMS voltage conversion the behavior of the device in the time-domain has to be considered as
well. The sensor forms a 2nd order system with a mechanical resonance frequency fr. With a DC
excitation, the actuator will eventually settle to its equilibrium position. AC excitation with a
frequency f < fr leads to a delayed response of the system. Only by operating the device at an AC
frequency f » fr the desired root-mean-square shaping effect is achieved. The typical resonance
frequency of the presented devices is tuned to be at about 1 kHz, making them ideally suited for
measurements at electrical frequencies as low as 10 kHz. High damping and a low excessive force lead
to a slow time response thereby decreasing the lower frequency range to about 100 Hz.

3. Design and Fabrication
Bearing in mind calculability, reproducibility and the need of superior non-deteriorating elastic
properties, silicon is chosen as actuator material. Silicon is used to achieve maximum mass, to reduce
mechanical noise, and to optimize the flatness of the devices. A low distance between the electrodes is
essential according to Equation 1. The electrodes are therefore placed in wet-etched shallow
rectangular cavities on a separate glass wafer. The initial distance between the electrodes is hence
solely determined and controlled by the etching time and can be changed without modifying the
lithographical masks. A typical device with the parameters in Table 1 has a pull-in voltage well below
10 V. A cross-section of the fabricated device is shown in Fig. 2. The overall device footprint is
6 x 6 mm2, fitting around 100 different designs on a standard 100 mm wafer. The fabrication process
involves processing three wafers in parallel and joining them to form a hybrid micro system. Press-on
contacts allow electrical contact between the different wafers. Up to the dicing step, the whole
fabrication is done in batch, giving uniform results and high throughput compared to manual assembly.
An overview of the fabrication process is given in Fig. 3.
The fabrication process starts with a glass wafer (Corning 7740) which is coated with a thin chromium
adhesion layer and a thick gold layer. Using standard thin photo-resist technology, first the gold is
structured where later the press-on contacts are going to be located. In the next lithography step, the
chromium is structured to define the location of the cavities. These are etched in a fluoric-acid based
wet-etch solution to define the gap distance from 2.5 µm up to 5 µm. To prevent stiction and to
improve long-term reliability of the devices bumpers are fabricated in this step by making use of
isotropic under etching of small rectangles (Fig. 4a).
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Fig. 2. Cross-section of the final sensor.

Table 1. Principle geometrical dimensions of the presented sensor.
Dimension
Overall device footprint
Plate length
Plate width
Gap
Plate thickness
Length of torsion beam
Width of torsion beam
Start of electrode
End of electrode

Symbol
L
B
h0
t
l
w
α1·L
α2·L

Value
8x8
2000
1000
5
20
1000
20
1000
2000

Unit
mm2
µm
µm
µm
µm
µm
µm
µm
µm

Afterwards, the gold and chromium layer from the press-on contacts is removed, while keeping the
rest of the masking. In another wet-etch step the depth of these areas is defined to be about 500 nm –
about 100 nm lower than the thickness of the combined electrode layers on the glass and silicon
respectively (600 nm).
In parallel, a second wafer is prepared for the other side of the actuator. This is a SOI wafer having a
20 µm thick device layer and 1 µm buried oxide. On this wafer silicone-oxide is deposited as an
isolation layer and on top of that, gold electrodes are lithographically defined. The thickness of these
layers has to be carefully controlled, so that the internal mechanical stress of the layers is compensated.
Otherwise deformation of the actuator would occur after release.
The glass and silicon wafer are subsequently anodically bonded together with voltages below 400 V
and a temperature of 350 °C to prevent damage to the electrodes and the formation of silicon-gold
eutectics. The press-on contacts are pressed together in this step and give electrical contact between the
wafers, thus connecting the upper electrodes (Fig. 4b). A halo around the contacts indicates not bonded
area due to separation.
To reduce the thickness of the actuator, the handle layer of the SOI wafer is wet-etched in a potassium
hydroxide (KOH) solution. The buried oxide layer is a defined etch stop and is subsequently etched in
fluoric acid. Only the uniformly 20 µm thick silicon device layer for the actuator structure remains. To
release the actuator, thick photo-resist is used to mask the silicon layer for etching in a deep reactiveion etcher (DRIE). The dry etching results in device features with nearly vertical sidewalls. The photoresist is finally stripped in oxygen plasma to prevent fluid getting in the electrode gap which would
later be hard or even impossible to remove.
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Fig. 3. Fabrication process steps of the micromechanical actuator.

(a)

(b)

Fig. 4. (a) Wet-etched bumper to prevent stiction (arrow 20 µm); (b) Press-on contact created
by anodic bonding (arrow 250 µm).
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For environmental protection and handling purposes, the device is finally sealed with a cover piece
made of glass which has glue electro-deposited on it, to define the adhesion lines. For depositing the
glue, gold is sputtered on the wafer and structured to form rectangles around the edges of the devices.
The layer is masked in a way that electrical contact between all areas remains. Further on the wafer is
drowned in the resist bath, electrical voltage is turned on, and the resist deposits on the gold lines.
Finally, the wafer is dried, baked and diced on adhesive tape. The covers are then aligned to the rest of
the wafer stack. Another bake step glues the covers tightly to the actuators and the tape can be
removed.
The whole process is optimized for batch processing. After combining the three wafers, they are diced
by breaking along semi-sawn lines, to prevent fluid coming in the devices, which would cause stiction.
The finished device is shown in Fig. 5.

Fig. 5. Picture of the finished sensor (8 mm x 8 mm). The actuator is visible in the center, contact area
at the bottom and reference capacitors to the left and right.

To validate the assembly step, small reference capacitors and short circuit elements are provided at the
sides of the structure. To connect the device, it is wire-bonded to a matching PCB substrate.
Alternatively, for fast and easy testing, a commercially available flat flexible cable socket with 0.5 mm
connector pitch can be used (Fig. 6). The disadvantage is that only approximately 10 inserts can be
done until the contact electrodes are scraped off. To improve on this a zero force socket could be used.
Another possibility would be thicker, or even galvanically reinforced, electrodes. For long term usage
wire bonding has proven to be the superior technology.

4. Test and Results
The setup for the characterization of the sensors consists of an arbitrary waveform generator (DC to
20 MHz) for excitation and an Analog Devices capacitance measurement integrated circuit AD7747
with a theoretical resolution of up to 24-bit or 6 aF [6] at a maximum capacitance change of 8 pF. The
sensor directly outputs the digital capacitance value over a two-wire interface. An Atmel
microcontroller is used to convert the signal to a standard RS232 interface.

30

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 25-33

Fig. 6. Picture of the sensor fitted into a flat flexible cable socket on a PCB with supporting electronics.

Practical resolution and repeatability of the setup including parasitic effects, but without averaging, is
about 500 aF. The fabricated sensors are mounted in the flex-cable socket with a direct and short
connection to the measurement IC, eliminating parasitic effects as much as possible. The whole system
is placed in a temperature controlled and electrically isolated chamber set to 25°C. The sensor platform
has also been mechanically decoupled to reduce the influence of vibrations.
The waveform generator is connected to one pair of electrodes CA and the capacitance-meter to the
other electrode pair CB. In this configuration capacitance over voltage curves at different frequencies
are recorded. To exclude any kind of hysteretic behavior or memory effects, after each measurement
the generator output is switched off and the zero voltage capacitance is recalibrated.
The capacitance over voltage curve for different frequencies is plotted in Fig. 7. For the frequency
range up to 100 kHz it shows a good agreement with the DC curve. For frequencies higher than that,
high-frequency effects probably cut-off the voltage on the capacitance. By varying the frequency at
fixed amplitude of the wave (Fig. 8) the good performance of the device between 100 Hz and 100 kHz
can be confirmed.

Fig. 7. Capacitance change over RMS voltage at frequencies from DC to 10 MHz.

31

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 25-33

Fig. 8. Capacitance over frequency at different peak-to-peak voltages from 3 V to 16 V.

This may be especially surprising, as the resonance frequency is at about 10 kHz. But measurements
and simulations show, that the squeeze-film damping at resonance already gives an attenuation of
30 dB. The high-aspect ratio of the actuator plate to the gap distance leads to very slow step responses.

5. Conclusion and Outlook
The described fabrication process was tested in several production runs and the batch assembly process
has proven to be sophisticated. For the completed devices steady-state results for DC and RF excitation
have been obtained. For the high frequency domain, results show homogeneous behavior from 100 Hz
up to 1 MHz. Further research will focus on examining a broader range of sensors, extending the
usable frequency range up to 100 MHz and achieving pull-in voltages of 1 V or lower to obtain sensors
with higher sensitivity in the low amplitude range. For higher frequencies a different approach based
on surface micromachining seems more promising, due to the hard to control parasitic effects in
silicon, like built-in voltage, loss and leakage [7].
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1. Introduction
The probe storage chip developed at Nanochip has three main layers formed by bonding three wafers,
as it is schematically shown in Fig. 1. The bottom layer (CMOS wafer) has an array of actuated
cantilevers with AFM-type tips formed on top of CMOS electronics. The middle layer (Mover wafer)
contains an X-Y micro-scanner or micro-mover. Finally, the top layer (Cap wafer) protects the micromover and provides required mechanical strength to the die. Wafer-level solder bonding provides very
strong mechanical connection featuring both liquid-proof sealing and reliable electrical connections
between the wafers [1].
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Fig. 1. Schematic cross-section view of Nanochip memory device: 1 – moveable plate, 2 – media stack, 3 – coil;
4 – position sensors; 5 – array of cantilevers; 6 – suspension; 7 – bond between CMOS and Mover wafer; 8 –
bond between Mover and Cap wafers; 9 – inter-wafer electrical connections; 10 – magnets; 11 – bond pads.

2. Micro-Mover Design and Fabrication
The micro-mover (see Figs. 2, 3) has a 400 µm thick moveable plate. Area of the plate is chosen to allow
for required capacity of the memory device. One side of the plate carries a memory stack 11 for storing
data. The other side is occupied by coils 4, which are part of an actuator, and by position sensors 5.
Blade-type suspension beams 7 allow for bi-directional (X-Y) in-plane motion of the micro-mover
and constraints its out-of-plane (Z) motion. Suspension also has special “routing” beams 8 carrying
conductors for providing electrical connections to both coils and position sensors. Although the micromover has mass reduction profile 6, the moveable plate is extremely flat because of its thickness.
Typical overall room temperature bending due to all factors is below 0.25 µm.
Pads for interwafer electrical
connections

Bond ring

Moveable
plate

Suspension

Fig. 2. Micro-mover structure overview from media side.

The micro-mover is actuated by an electromagnetic (EM) actuator. Position of the plate is determined
with help of capacitive position sensors having electrodes both on plate and on the cap. Both the EM
actuator and capacitive position sensors are described in separate sections below.
Fabrication of the micro-mover requires processing of two wafers – mover wafer and cap wafer.
Simplified process flow is schematically shown in Fig. 4.
Cap wafer has a standard thickness. Processing of the cap wafer starts with initial oxidation and forming
oxide standoffs 1, which precisely define the bond gap between the cap and mover wafers. Magnet
cavities 2 (500 µm deep) are etched on the back side using DRIE and the wafer is re-oxidized after
that. Areas for providing contact to substrate 3 are open and seed metal is deposited at the next steps.
Electroplating is used to form ring pattern 4 for wafer bonding and bumps 5 for inter-wafer electrical
connections. Patterning of seed metal defines electrodes 6 of capacitive sensors at the next step. Cap
35

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 34-46

wafer process is concluded by etching of dicing grooves 7, which allows for removing portions of cap
wafer and exposing bond pads formed on mover wafer at the very end of the back-end process.

Fig. 3. Top view and cross-section of X-Y micro-mover: 1 – moveable plate; 2 – anchors; 3 – frame; 4 – coils;
5 – position sensors; 6 – mass reduction profile; 7 – main suspension beams carrying wires providing connection
to bottom electrode of memory stack; 8 – routing suspension beams carrying wires providing connections to
coils and position sensors; 9 – joints; 10 – dummy structures; 11 – memory stack.
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Fig. 4. Cap and mover wafers fabrication process flow. Cap wafer: 1 – standoffs; 2 – magnet cavities; 3 – contact
to substrate; 4 – bond ring; 5 – bumps for inter-wafer electrical connection; 6 – electrodes of capacitive sensors; 7
– dicing groove. Mover wafer: 8 – recessed coils; 9 – feed-through lines under the bond ring; 10 – bond ring; 11 –
plated wires; 12 – bond pads; 13 – plated standoffs; 14 – electrodes of capacitive sensors; 15 – mass reduction
pattern; 16 – routing beams; 17 – main beams.

Mover wafer is a 400 µm thick wafer. Using thin wafers allows for reduction of the mass of the
moveable plate and corresponding improvement in some important parameters of memory device as
seek time and power consumption. The recessed Cu coils 8 and feed-through lines 9 under the future
bond ring area are formed at the first steps utilizing processes similar to the processes used for making
through wafer interconnects. The wafer is covered by low-temperature oxide and a contact to substrate
(not shown in Fig. 4) is opened after that. Metallization steps include seed metal layer deposition and
electroplating. Bond ring 10, wires 11, bond pads 12 and standoffs 13 are defined by the plating step.
Patterning of seed metal defines electrodes 14 of capacitive sensors. Two-step DRIE micromachining
of the mover wafer is done at the final steps of the process. A photoresist–oxide mask is used at the first
DRIE step that defines mass reduction pattern 15. After that oxide is etched off in the open areas and the
second DRIE step pre-etches routing beams 16 and makes the mass reduction pattern deeper.
Pre-processed cap and mover wafers are bonded after that. Wafer-level bonding is near hermetic and
provides required electrical interconnects between the cap and the mover wafers [1]. Two alloys
considered for wafer bonding are AuSn eutectic and CuSn eutectic. The first prototypes have been built
with AuSn bonding. However, CuSn bonding process is more perspective as it has lower bonding
temperature, allows for better integration with the Cu coil process and does not require use of gold.
The bonded stack of cap and mover wafers goes through several additional steps (not shown in Fig. 4)
after bonding. Contact to the memory stack is provided; standoffs, bumps for inter-wafer electrical
connections and bond rings for bonding with the CMOS-cantilever wafer are formed on the mover
wafer during these additional steps. DRIE release of the moveable plate is done at the next step. Both
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the sixteen main beams 17 and thirty two routing beams 16 are formed during this etching step. The
main beams are 13.5 µm wide and 300 µm thick. The routing beams are 14 µm wide and 60-80 µm
thick. Good reproducibility of the suspension beams was achieved due to relatively large width of the
beams and excellent verticality of the side walls achieved in DRIE process. Using dummy structures 10
(see Fig. 3) allows for equal width of the openings for DRIE and uniform depth of DRIE. Vertical
stiffness of the suspension is more than 300 times larger than the lateral stiffness. As a result, vertical
sag of the moveable plate in the gravity field is only 0.25-0.3 µm.
Nanochip came up with two main designs of the micro-mover, design A and design B. The design A
micro-mover has a movable plate of 9.75 mm x 9.75 mm x 0.40 mm. This design has been used in
process development and engineering tests. The design B is targeting 32 GB (and later 64 GB) capacity
of the memory device. It has bigger movable plate with dimensions of 12.21 mm x 12.13 mm x 0.40 mm.
Mass of the moveable plate is close to 55 mg for design A and close to 85 mg for design B.
Main resonance modes of the plate motion are lateral oscillations along X and Y axes. Target resonance
frequencies for these modes are close to 150 Hz for design A and 130 Hz for design B. Typically X
and Y resonance frequencies differ by 2-3 Hz. Next three modes – vertical oscillations and two
rocking modes (X-Z and Y-Z) are over-damped due to a narrow gap between mover wafer and
cantilever / cap wafers. The sixth resonance mode is rotation around vertical axis. Design of the micromover provides about 15X separation between the main resonance and this mode.
Initial bending of the micro-mover and its temperature dependence are among very important parameters
Presence of the coil metal on the moveable plate is the major factor causing its bending. An FEA study
of micro-mover thermo-mechanical bending due to ±50ºC temperature change with respect to 25ºC
(differential bending) was done for a variety of coil designs. The micro-mover was assumed to be flat at
25ºC. The study showed that the plate bending can be considered directly proportional to the volume of
coil metal and to the squared plate length to thickness ratio γ = (Lplate / Tplate). Later this result was
supported by experimental data. If volume of each coil is in 0.04-0.05 mm3 range then using designs
with γ ≈ 20 results in differential bending of the plate below 0.25 µm and increase of γ to 30 results in
increase of the differential bending of the plate to approximately 0.5 µm. These results correspond to
300-480 µm thick moveable plate for design A and 400-600 µm thick moveable plate for design B.

3. Electromagnetic Actuator
The electromagnetic (EM) actuator includes four coils (see Fig. 3) positioned on the moveable plate and
four stationary permanent magnets located in the pockets formed in the Cap wafer – in close proximity
to the micro-mover. The permanent magnets create magnetic flux perpendicular to the plate in the
areas where the coils are located. The flux is directed upwards in one part and downwards in the other
part of each coil. Passing current through the coils generates lateral Lorentz forces, which urge the plate
in X and Y directions. Two coils extended along X axis (see Fig. 3) generate force in Y direction and two
coils extended along Y axis generate force in X direction. Central area of each coil located under the
neutral (or transition) zone of the magnets is used for placing wires delivering current to other coils. The
EM actuator allows for ±120 µm displacement of the micro-mover along both X and Y axis and requires
only 5 V for operation. All four coils used in the EM actuator have the same geometry.
Requirements to the maximum actuator force come from the acceleration required both for seek and
scanning, mass of the micro-mover, force required for compensation of gravity (in case of tilted
position of the memory device) and acceleration required for suppressing motion of the plate in
response to the external vibrations. Target range of linear motion during scanning is ± 75 µm both for
X and Y axes. However amplitude of the motion is somewhat bigger to allow for plate turnaround. The
maximum scanning frequency can be as high as 100 Hz and the acceleration required for such motion
38

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 34-46

can be evaluated as 35-40 m/s2. Besides, the actuator should provide an additional force to compensate
the gravity when probe storage device is tilted in a gravity field and to allow for suppression of
parasitic vibrations of the micro-mover. The sum of these requirements gives required acceleration of
55-60 m/s2. The target maximum actuator force Fmax is 8.mg, where m is mass of the moveable plate and
g – free fall acceleration. This force provides the maximum micro-mover acceleration of about 80 m/s2
when the plate is in the neutral position and allows for an average seek time below 2 ms.
Taking into account mass of the moveable plate, the above requirements translate into peak actuator
force of 4.5 mN in the design A and about 7 mN in the design B of micro-mover.
The Lorentz force FL generated by a n-turn coil in magnetic field B can be evaluated using the formula:
FL = I coil ⋅ B ⋅ n ⋅ L active _ av ,

(1)

where Icoil – coil current, Lactive_av – average active length (i.e. generating useful force) per turn.
In order to achieve larger actuator force strong magnets located in close proximity to the coils are used,
the coils have large number of turns and fully use the area available for coils on the moveable plate. Two
versions of magnetic circuit are used in the actuator. The first version uses eight magnets – four above
and four below the moveable plate. If rare earth magnets are used then magnetic field in the coil area can
be as strong as 0.60-0.65 T. The second version of the magnetic circuit contains four magnets located on
Cap side only. In this case strength of the magnetic field in the coil area can be as high as 0.3 T.
Practical coil design in a probe storage device faces several restrictions and requirements. Linear
dimensions Lplate and minimum thickness Tplate of the moveable plate are determined by the target
capacity of the memory device and by the wafer processing requirements. Geometry of the moveable
plate defines both its mass Mplate and the maximum volume of coil metal Volcoil that can be used without
violating a spec on plate bending. Strength of magnetic field, width of neutral zone Wneutral, amplitude
and frequency of scanning are assumed to be known. Each coil has n turns (all in one layer) spaced by
distance ∆ and occupies area with length Lcoil and width Wcoil (see Fig. 3). Coil wire has thickness of twire,
width of Wwire and resistivity ρ. With these restrictions it is necessary to design a coil generating a force
not smaller than (Fmax/2). It is assumed that the maximum voltage and current that can be supplied to
the coils are not strictly specified and can be chosen based on a compromise between specs for the EM
actuator and to the coil drivers. Combined resistance Radd of the wires connecting the coils to the bond
pads and of the circuits supplying current to the coils (coil drivers) also should be taken into account.
Single-layer planar design of the coils and limitation on the maximum volume of coil metal Volcoil (due to
limitation on the maximum bending of the moveable plate over a temperature range) are important factors
affecting optimization of the EM actuator. Increasing number of turns in the coils, often desirable in the
EM actuators, causes two negative effects in the case of micro-mover: (a) average active length of turns
Lactive_av (generating useful force) decreases and average length of return paths Wav (not generating useful
force) increases; (b) cross-section of the coil wire decreases proportionally to the increase of its length in
order to keep volume of coil metal Volcoil the same. As a result, coil resistance is proportional to the
squared number of turns or to the squared length of coil wire Lfull. As the coil volume is equal to product
of length, width and thickness of coil wire, the coil resistance can be calculated as follows:
R coil = ρ ⋅

(

L active _ av + Wav
L full
L2
= ρ ⋅ full = ρ ⋅
Wwire ⋅ t wire
Vol coil
Vol coil

)

2

⋅ n2 ,

(2)

As a consequence, straightforward increase in the number of turns in the coil does not always result in
improvement of actuator parameters as, for example, reduction of power consumption or increase of the
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peak actuation force. Optimization of coil design should take into account limitations on coil volume.
Coil design can be optimized targeting different goals: (a) maximizing the actuator force; (b) maximizing
the moveable plate acceleration and (c) minimizing peak or average actuator power consumption.

3.1. Coil Design for Maximizing Actuator Force
Increase of the number of turns in the coils results in decrease in their length due to the limited size of
the moveable plate. Therefore, there is a coil design n corresponding to the maximum force:

(

)

n = L plate − Wneutral − 2 ⋅ G / (8 ⋅ ∆ ) ,

(3)

where G – guard band around coil that includes distance from edge of the coil to edge of the moveable
plate and distance between adjacent coils in the central part of the plate.
Width Wcoil, length Lcoil of the coil generating the maximum force and the corresponding maximum
force are equal to:

(

)

(

)

Wcoil = L plate + 3 ⋅ Wneutral − 2 ⋅ G / 4 ; L coil = 3 ⋅ L plate − Wneutral − 2 ⋅ G / 8 .

(

)

2

FL = I ⋅ B ⋅ L plate − Wneutral − 2 ⋅ G /(16 ⋅ ∆ ) .

(4)
(5)

However, this coil design might not be the best for maximizing the moveable plate acceleration as well
as for minimizing actuator power consumption. Adding last turns to the coils practically does not
increase the maximum actuation force, but increases coil resistance resulting in larger power
consumption and requires larger voltage to supply the maximum current to the coils.

3.2. Coil Design for Maximizing Peak Acceleration of the Moveable Plate
This requirement can be important for minimizing of micro-mover response time, as for example seek
time in a probe storage device. In the analysis it was assumed that the minimum thickness of the
moveable plate Tplate is determined either by the spec for plate bending or by the minimum thickness of
wafers Tplate_min required for their processing in a fab.
Our analysis showed that the best approach for maximizing the acceleration of the moveable plate is
decreasing its thickness to the limit determined by the wafer processing requirements (Tplate_min). The
coil volume Volcoil is determined by the requirements for bending of the moveable plate. The optimized
design of the coil depends on the other circuit parameters and limitations, including resistance of the coil
driver and connecting wires Radd, limitations on the maximum actuator peak power and on the maximum
voltage Vmax and current Imax that can be provided by the coil driver. It is desirable to have resistance Radd
as small as possible. If Radd << Rcoil and both the maximum coil current and actuator peak power are
limited at Imax and Ppeak correspondingly then the optimum number of turns in coils can be evaluated as:
n=

Ppeak
I max

⋅

Vol coil
ρ ⋅ L2plate

.

(6)

The maximum peak acceleration amax of the moveable plate can be evaluated as:
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2 ⋅ Ppeak ⋅ B ⋅ Vol coil ⎛
Wav
⋅ ⎜1 −
⎜
L active _ av + Wav
M plate _ min ⋅ ρ
⎝

a max =

⎞
⎟ .
⎟
⎠

(7)

where Lactive_av is average active length (generating useful force) and Wav is average width of coil turns.

3.3. Coil Design for Minimizing Power Consumption
The peak power consumption by the EM actuator can be evaluated from the maximum coil current and
the coil resistance Rcoil. Taking into account the additional resistance Radd of connection wires and
internal resistance of the coil driver circuit, assuming that all coils have independent drivers with the
same internal resistance and neglecting the difference in resistance of connection wires for X and Y
coils, the peak power dissipated by all four sets of coils and circuits can be calculated as:
Ppeak =

2
Fmax

B2 ⋅ n 2 ⋅ L2active_ av

⋅ (R coil + R add ) .

(8)

Analysis of formula (8) shows that the optimum number of turns n corresponding to the minimum
peak power consumption depends on the resistance Radd. For the optimum coil design:
R coil = R add ⋅

(L active _ av − 4 ⋅ n ⋅ ∆ )
ξ⋅n⋅∆

⎛
⎜
⎝

, ξ = ⎜4 −

⎞
⎟ ,
L active _ av + Wav ⎟⎠
2 ⋅ L active _ av

(9)

In order to simplify the analysis of power consumption in the scanning mode it is possible to consider
harmonic oscillations of the plate with amplitude A0 and circular frequency ωscan along one axis while
holding the plate at a distance D from the neutral position on the other axis. The scanning frequency is
not equal to the resonance frequency ωres of the micro-mover. Mass of the moveable plate is equal to
Mplate. Analysis shows that with the above assumptions the average power Pscan consumed by actuator
due to scanning is equal to:

Pscan =

(

2
A 02 ⋅ M 2plate ⋅ ω 2res − ωscan

4 ⋅ B 2 ⋅ n 2 ⋅ L2active _ av

)2 ⋅ (R

coil

+ R add ) ,

(10)

Power Phold required to hold the moveable plate at a distance D from its equilibrium position along the
other axis can be evaluated using the formula:
Phold =

4
M 2plate ⋅ D 2 ⋅ ωscan

2 ⋅ B 2 ⋅ n 2 ⋅ L2active _ av

⋅ (R coil + R add ) .

(11)

As it can be seen, structure of formulas (10) and (11) is the same as for the discussed previously formula
(8) for the peak power consumption. The dependence of the power consumption on the number of
turns n is the same, the difference is only in the term that does not depend on n. Therefore, the design
providing the minimum peak power also provides both minimum scanning and holding power.
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4. Position Sensing
Capacitive sensors are used for position sensing. Target resolution of position sensors is about 0.25 nm.
As the maximum displacement of the moveable plate is ±120 µm, required dynamic range is close to 106.
Good low-noise design techniques can produce sensors with noise approaching one least significant bit
of a 16-bit ADC, which has dynamic range of 65536:1. If such ADC is used then noise can limit
resolution of the sensor at about 4 nm. The noise and resolution problems are addressed by dividing the
full range into several smaller ranges and using two quadrature position sensors N and Q. This approach
allows for meeting the resolution requirements with position sensors having a much smaller full range.
The positioning system uses four position sensors. There is one sensor in each quadrant of the moveable
plate (see Fig. 3). Two of these sensors are used to measure X motion and the other two – to measure
Y motion. The X and Y sensors are paired up on opposite diagonals about the center of the plate to
allow detection of plate rotation and to improve the accuracy of the position sensing.
A block diagram of the positioning servo system is shown in Fig. 5. Each position sensor is formed by
two interdigitated electrodes (Tx1 and Tx2) formed on the moveable plate and four electrodes (N1, N2,
Q1 and Q2) formed on a stationary cap. Each of the pairs of electrodes N1-N2 and Q1-Q2 also has inter
digitated fingers. All six electrodes have long fingers, which are parallel to a non-sensitive axis and form
a periodic pattern having pitch λ along the sensitive axis. An N pattern formed by electrodes N1 and N2
is very similar to the Q pattern formed by electrodes Q1 and Q2. The N and Q patterns are shifted by
(λ/4) with respect to each other and used to generate quadrature signals. As electrodes N1 and N2, Q1
and Q2 have interdigitated fingers, the maximum signals within both N and Q patterns are generated at
positions of the movable plate shifted by (λ/2) with respect to each other. As a result, signals N1, Q1, N2
and Q2 have maximums at positions of the moveable plate shifted by 0, (λ/4), (λ/2) and (3λ/4) with
respect to its ideal initial position where patterns on cap and on micro-mover are perfectly aligned. If
pitch λ is equated to 360º then these maximums correspond to phases of 0º, 90º, 180º and 270º.
Electrical connections to the electrodes Tx1 and Tx2 located on the moveable plate are provided through
the routing beams and electrical connections to the cap electrodes are formed during solder bonding.

Fig. 5. Block diagram of positioning servo system: 1 – charge amplifiers; 2 – band pass filters; 3 – ADC; 4 –
digital synchronous demodulator; 5 – digital low-pass filter; 6 – DSP; 7 – coil drive; 8 – moveable plate;
9 – 200 kHz sine wave generator.

The two electrodes Tx1 and Tx2 are driven by 200 kHz out of phase sine wave signals provided by
generator 9. These signals are also marked as Tx1 and Tx2 in Fig. 5. Due to capacitive coupling, signals
Tx1 and Tx2 generate signals N1, N2, Q1 and Q2 on the electrodes located on the cap. These four
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signals have the same frequency of 200 kHz. Their amplitudes are modulated by the relative position
of the moveable plate with respect to the cap.
The signals N1, N2, Q1 and Q2 are amplified and converted to voltage by the charge amplifiers 1. The
output of charge amplifier is an amplitude modulated signal with a 200 kHz sine wave carrier. These
signals are filtered using band pass filters 2 and digitized by analog-to-digital converter (ADC) 3. A
synchronous demodulator 4 controls sine wave generator 9 and allows sampling of the sine waves at
their positive and negative peaks. The synchronous demodulation removes the 200 kHz carrier and
recovers the envelope of the amplitude-modulated waveform, which carries position information. The
digital signal is then processed by low pass filter 5 and passed to a DSP 6. The DSP calculates the
actual X and Y position and then uses this data to generate a drive signal for the X and Y coils to
accurately position the moveable plate 8. This approach allows for large reduction of low frequency
circuit noise. Another advantage is that ADC has to cover an input range of only (λ/4). Position sensors
with the pitch λ = 60 µm are used in design A. Full range of ADC is close to 15 µm and it allows for
resolution of 0.25 nm. Position sensors have smaller pitch of 32 µm in the design B.
Fig. 6 shows an example of pre-processed position signals generated during testing of a micro-mover at
frequency of 150 Hz. As space between the peaks of blue and pink position signals is equal to (λ/4),
peak-to-peak motion of the plate is close to 210 µm.

Fig. 6. Position signals Q = Q1–Q2 and N = N1–N2 of micro-mover
oscillating at 150 Hz with peak-to-peak motion of 210 µm.

Fig. 7 shows a position error signal and a distribution of measured position error values collected during
50 seconds long periodic motion of the micro-mover along a circular trajectory with a radius of 7 µm.
As it can be seen from Fig. 7, standard deviation of the position error is close to 0.5 nm. This result
indicates that the servo system is capable of micro-mover position control with sub-nanometer accuracy.

5. Design and Fabrication of Actuated Cantilevers
A two-dimensional array of cantilevers formed on CMOS wafer is located in close proximity to the
side of the X-Y micro-scanner carrying the memory stack. Each cantilever carries a sharp tip used as a
read-write head. The array of cantilevers (see Fig. 8) is fabricated using a low-temperature post-CMOS
process utilizing SiGe as a structural material [2]. Cantilevers have a see-saw design with torsional
suspension and electrostatic actuation on the wing side opposite to the tip, as schematically shown in
Fig. 9. Two different designs of cantilevers are presented in Fig. 10.
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Fig. 7. Position error signal (PES) and distribution of position error values for a periodic micro-mover motion
on a circular trajectory with radius of 7 µm. The standard deviation is 0.47 nm.

Fig. 8. Overview of a part of cantilever array.

Fig. 9. Schematic cross-section of cantilever structure:
1 – oxide; 2 – Top CMOS metal – aluminum; 3 – SiC;
4 – SiGe; 5 – Pt; 6 – Ni; 7 – Au.
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Fig. 10. Close-up view of two designs of actuated cantilevers: 1 – body of cantilever; 2 – vertical actuator
(wing); 3 – lateral actuator (nano-mover); 4 – tip; 5 – suspension; 6 – suspended portion of the Pt trace (air
bridge); 7 – vias to CMOS.
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Initial bending of cantilevers after release is small and, without actuation, tips do not contact the
memory stack. Each cantilever can be actuated in both vertical direction toward the micro-mover and
laterally. Vertical actuation brings tips in contact with the memory stack and allows some control of the
force applied at the tip-memory interface. Each cantilever also has an electrostatic lateral actuator
(nano-mover) for compensation of relative displacement of each tip with respect to the other tips and
to the micro-mover due to temperature change. Nano-mover allows for about 100 nm lateral motion of
the cantilever structure.
The cantilever fabrication process follows CMOS process. The finished CMOS wafer is planarized using
Chemical-Mechanical Polishing (CMP) of High Density Plasma (HDP) oxide and then covered by a
400 nm thick SiC layer. This insulator is impermeable to HF molecules and is, therefore, used to
protect the CMOS circuit during vapor HF etching step – the final step of the process, which is used to
remove the sacrificial oxide layer and release the cantilever array. The SiC layer is perforated and the
vias filled in with conformal SiGe deposition electrically connecting each cantilever to the top CMOS
metal layer underneath. Patterning of the deposited SiGe layer defines electrodes for vertical actuation of
cantilevers. A well-controlled deposition of HDP oxide layer is done at the next step. This sacrificial
layer defines a 3 µm gap between the body of cantilevers and the actuation electrodes in the final
structure. Both shallow trenches (“dimples”) and vias are formed in the sacrificial oxide layer. The
dimples create topography on the bottom surface of the cantilever and prevent stiction during release
and actuation. The vias are used for anchoring cantilevers to the electrode. After that a 3 µm thick SiGe
structural layer is deposited.
This deposition is broken into two steps and a 250 nm oxide hard mask (HM) is embedded in the layer.
The SiGe layer is used to form cantilever structure. During the structural layer etching steps the oxide
HM protects the portion of SiGe layer allowing for the definition of 1 µm thick torsion beams as well as
body of cantilevers and the lateral actuators (“nanomover”) – both 3 µm thick. Using CMP steps ensures
flatness of the wafer surface after the deposition steps.
The sharp tips and traces connecting the tips to the CMOS circuitry are then built up on top of the
cantilevers. Oxide trench filling and CMP are used to planarize the wafer. A thick SiC layer is deposited
after that to isolate the mechanical cantilever from the traces. The tip is formed out of 1.5um thick layer
of amorphous Si. Use of an amorphous material allows for minimizing the surface roughness that can
be induced during tip formation by the granularity of the layer. Tips are formed by printing dots with
diameter of 1.4 um and applying a sequence of isotropic and anisotropic etch steps. Finally, the tips
are coated with the Pt layer, which is used also to form the trace. The coating increases the hardness of
the tips minimizing tip wearing. The process allows for sharp tips with a top diameter less then 50 nm
after Pt coating. A Ni/Au pattern for bonding the CMOS/cantilever wafer to the micro-mover wafer is
formed with help of electroplating at the end of the process.
Due to excellent stress control of the structural layers, minimal deflection of the cantilever structures is
observed after HF release. Typical initial bending is about 0.5 µm. The tips are connected to the CMOS
circuitry by Pt traces, which have a suspended portion (air bridge) above the torsional suspension beams.
The fabricated prototypes have about 600 cantilevers on each chip. Each cantilever cell has size of about
150 µm x 150 µm (corresponding to the size of the area on the micro-mover served by one cantilever).

6. Process Integration Challenges
Although there are several process integration tasks that have to be addressed the two major challenges
were related to integration of media stack deposition into the micro-mover fabrication process and
integration of MEMS cantilevers with tips and CMOS electronics.
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In order to obtain memory stack with required properties the deposition has to be done at temperatures as
high as 600-800 ºC. As the deposition temperature is too high, it can not be done at the end of micromover fabrication process. Therefore, the mover wafer process flow was modified to deposit the memory
stack on the initial Si wafers and protect it with two layers. The first layer, deposited directly on PZT, is a
semiconductor material and the second layer is silicon dioxide. Silicon dioxide film makes the wafer
fully compatible with standard fab processes. The semiconductor film preserves the media stack in the
micro-mover process including the step of silicon dioxide removal and the film can be completely
removed at the end of the process without affecting media stack or any components of the micro-mover.
Low-temperature process does not cause inter-diffusion of the semiconductor film material and PZT.
Fabrication of MEMS cantilevers with sharp tips on top of CMOS read channel circuitry is necessary to
minimize noise associated with parasitic electrical parameters of conductors connecting tips with the
circuitry and achieve high signal-to-noise ratio. There are several challenges in CMOS-MEMS process
integration, including: (a) selection of high-quality mechanical material, which can be deposited at
CMOS-compatible temperatures and used as a structural material and (b) selection of processes that
can be used for MEMS processing without affecting CMOS circuitry. SiGe is an attractive solution for
the structural material because it has good mechanical properties and high-quality films of SiGe can be
deposited at 400-450 ºC making the deposition process compatible with CMOS electronics. Testing of
CMOS circuits after fabrication of MEMS structures shows no degradation of digital circuit
parameters. Characterization of analog front end circuits including read channel was not completed by
the time the paper was submitted for publication.

7. Conclusions
The results achieved by Nanochip in MEMS development show that major drawbacks of the earlier
MEMS concepts for probe storage can be overcome and bring this type of memory devices much
closer to commercialization. In particular, electromagnetic X-Y micro-mover demonstrated both the
best die area utilization for memory among known probe storage devices and ± 120 µm stroke with
± 75 µm range for read/write operations. Capacitive position sensing is capable of sub-nm accuracy.
Array of read-write heads – cantilevers with AFM-type tips is successfully built on top of CMOS
circuitry using CMOS-first approach. Without actuation, tips are not in contact with the media stack.
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Abstract: We describe the fabrication, functionalization and characterization of vertically aligned
carbon nanotube arrays (VANTAs) for biological sensor applications. This structure is created using a
standard MEMS process and chemical vapor deposition (CVD) multi-walled carbon nanotube
(MWNT) post-processing. The device is well suited for full integration into microfluidic lab-on-a-chip
solutions. Included is a spectroscopic characterization of the galvanostatic impedance of the device, as
well as scanning electron microscopy (SEM) images of the pre- and post- functionalized device.
Interferometric 3D profiling and X-ray spectroscopy were also used to check process assumptions. The
work presented validates that this approach is an ideal candidate for low-cost, high-throughput
manufacturing of biochemical sensors. Unlike previously published work [1, 2] using SWNT, the use
of MWNT arrays allows functionalization over the entirety of the nanotubes. This approach maintains
low baseline impedance and increases the surface area leveraging inherent benefits of the VANTA.
Copyright © 2009 IFSA.
Keywords: Lab-on-a-chip, Vertically aligned carbon nanotube array (VANTA), Biosensor, Bio
MEMS

1. Introduction
Lab-on-a-chip devices have the potential to provide point-of-care diagnostics that can directly improve
patient care and reduce healthcare costs. This improvement is particularly true in cases of adverse drug
reactions that account for 100,000 deaths annually [3]. One of the primary limitations to wide-spread
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adoption of lab-on-a-chip technology is the excessive cost of fabrication and integration in highvolume production of these systems. In this paper, we describe an inexpensive, high-volume technique
of fabricating well-defined patterns of vertically aligned carbon nanotube arrays (VANTAs) using a
standard MEMS process, PolyMUMPs, and a single chemical vapor deposition (CVD) step for
nanotube growth. VANTA sensor test structures have been fabricated showing vertical growth of over
400 microns, minimum wall width under 20 microns, and high conformance to the defined pattern. In
addition to the VANTA sensors the test die have silicon based microfluidics [4] test structures that will
be further integrated into a single-die lab-on-a-chip device.
Carbon nanotube based devices have been shown to be extremely sensitive biological sensors [1, 2, 5];
however, these devices require complicated fabrication or post-processing techniques, not compatible
with existing high-volume processes. We have developed a simplified method using standard MEMS
process parameters and geometry to create well-defined VANTA sensor structures that can be spaced
within close proximity and well suited for sensor geometries. The post-processing steps are fast, lowcost, and uncomplicated. The techniques can be used to create a number of other structures for various
applications that use combinations of MEMS and NTs.

2. Experimental Setup
Unlike many published NT biosensors the structure presented is fabricated using a standard and widely
available commercial MEMS process. The MEMSCAP PolyMUMPS process is ideal for the further
integration and transition into a production lab-on-a-chip. The PolyMUMPS process consists of three
polysilicon layers, two oxide layers and one metal layer. When post-processed using a MWNT CVD
process, this combination provides the capability to create well-defined VANTA structures with
connectivity to metal contacts. In addition it provides the capability to fabricate on-chip polysilicon
microfluidic channels [5] on the same die and system.
Multiple MEMS structures were designed and fabricated on this die as sub components in the
development of a lab-on-a-chip sensor. These devices included combinations of sensor structures and
microfluidics channels. In addition several other sensor test structures where fabricated. The
PolyMUMPs die of all of the lab-on-a-chip subcomponents can be seen in Fig. 1.

µ-fluidics channel

Gold test pads for
electrical contact
CNT Growth area

Fig. 1. Multiple sensor and microfluidic channel lab-on-a-chip subsystems fabricated in PolyMUMPs.
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2.1. Fabrication and Composition
The VANTA structures fabricated were formed between the pyrolyzed photoresist film (PPF) and the
gold contacts, where mismatched thermal expansion coefficients created surface shearing of the PPF.
At the interface of the shearing, underlying oxide layers were exposed providing a catalyst site for the
growth of multiwalled carbon nanotubes (MWCNT). The thermal shearing occurred in the initial
stages of the CNT CVD growth process. Subsequent fabrication of the devices over different time
periods showed shearing occurred within the first 5 minutes of exposure in the CVD process. Fig. 2
shows a 3D profile using a Veeco Wyko® NT3300™ white-light interferometer. This image exhibits
the fissure and the early stages of NT growth along the edges of the fissure’s periphery.

Capillary structures

Gold pad

50µm

Fissure
1µm
50µm

Oxide+PPF

Fig. 2. 3D profile of fissure using a Veeco Wyko® NT3300™ white-light interferometer.

The CVD process employed was a chemical mixture of a catalyst precursor (ferrocene) and carbon
source (xylene) that were atomized and sprayed into a furnace with temperature ranging from 700 ºC
to 900 ºC. Pyrolysis of organic compound deposits carbon nanotubes onto the substrate at the sites of
exposed oxide in shear fissures. In future efforts, this process can be simplified by patterning the
photoresist to create desired VANTA structures. In Fig. 3, a scanning electron micrograph (SEM) of
two VANTA structures fabricated using the aforementioned process are shown. The structures shown
in Fig. 3 are typical of those on the die, exhibiting VANTA of approximately 500 µm in height and
500 µm across. The structure consists of two VANTA on each side of the fissure that is approximately
20 um across. As the VANTA’s height increases, the incidence of physical contact between the
VANTA likewise increases. In the biological sensor application the physical and electrical contact is
further enhanced when treatment causes the normally hydrophobic NTs to be hydrophilic. When in
contact with the test solution the VANTA will be drawn in together increasing physical and electrical
contact.
The process is well suited for biosensor applications for a number of reasons. The most elementary
reason is the ability to easily create VANTA structures that are electrically connected to gold contacts.
A specific benefit is that the structure forms an electrical test path resulting from the growth of two
separate VANTA ribbons on opposite sides of a fissure. In addition another positive characteristic is
that the majority of the contact between the two VANTAs is at the top of the structures where the
concentration of NT tips is the highest. This can effectively promote the detection current through the
tips of the NT where they are most easily carboxalized, which is required for functionalization with
antibodies.
49

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 47-55
Surface capillary
effects will allow
biological fluid to
flow to
functionalized
VANTAs.

Good electrical
conductivity
exists between
the gold pads
and the
VANTA walls.

VANTA walls grow
in parallel vertically
from both sides of the
defined fissure.

Fig. 3. SEM of two VANTA structures fabricated by post processing a PolyMUMPS MEMS die.

The height of the VANTA scales well over time and is controllable to a height of approximately
500 µm, provided the CVD process parameters are maintained. Devices ranging from 50 µm to
500 µm were fabricated all exhibiting similar structural characteristics. The interface between the gold
contact and NTs has good electrical continuity, providing a direct electrical interface with the
VANTA. In addition to the interface between the gold contact and the VANTA the pyrolyzed
photoresist adds an alternate path of conduction from the contact to the VANTA. In this design, the
PPF feature is not fully utilized and further investigation of the PPF in the future, will likely yield
additional uses. At this time it is unknown how significant the PPF’s contribution is to the connection.
It is desired that the two gold test contacts be electrically connected only through tip to tip VANTA
contact. In these prototypes, a conduction pathway across the VANTA junction exists through the
fissure. Since the two VANTA are physically separated at the base and touch at the tips the test path
can still be characterized. A dilemma is present in determining the cause of the conduction path across
the fissure of the gold contacts, from which the VANTA grow. Three conductive paths exist, with the
VANTA, PPF, and residual gold all with similar characteristics. Since the gold’s resistivity is
2.4 e -8 Ω・m, the PPF resistivity has been measured as about 1 e -5 Ω・m (about that of graphite)
and the VANTA resistivity has been measured approximately as 3 e -5 Ω・m (in the direction along
the length of the tubes). It is difficult to determine the absolute conduction path across a fissure from
one contact to the other. X-ray spectroscopy has shown that gold is still present in the fissure and it is
believed that gold provides a lower path of resistance than through the VANTA. In Fig. 4, the X-ray
spectroscopy measurement of the inside of the fissure is shown.

Carbon

Silicon
Gold

Oxygen

keV
Fig. 4. X-ray spectroscopy measurement detecting significant amounts of gold in the fissure.
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In future devices, better process procedures will provide complete isolation. In this series of
preliminary device characterization, the sensor aspect of the VANTA conduction is isolated by using
the probe tips to contact the gold pads and the tips of the VANTA. Although not completely isolated
between pads, the continuity between VANTA and its underling contact is independently valuable in
the context of future devices.

3. Results
The device has been characterized using scanning electron microscopy, fluorescent microscopy, and
X-ray spectroscopy. In addition the device has been tested to provide baseline electrical
characterization using four electrode galvanostatic impedance spectroscopy. The first functionalization
characterization demonstrates the detection of target antigens through functionalization with goat
IgG antibodies, verified using mouse monoclonal antibodies conjugated with 10 nm gold nano
particles and 488 nm fluorescent molecules. This validation step will confirm later electrical based
antigen detection.
The electrical characterization provides a baseline of the device characteristics and determines
continuity between the various contacts and VANTA. In order to account for contact resistance, all
characterizations were made using a PARSTAT 2378 potentiostat configured for a 4 wire
galvanostatic electronic impedance spectroscopy measurement technique. Our preliminary
characterization of functionalized macro-scale VANTA showed that sensitivity to various antigens was
acceptable at low frequencies and DC. It is our intent to create a device that provides the necessary
sensitivity, but does not require more complicated detection techniques, such as cyclic voltammetry.
Future testing will be expanded based on the results of the biological testing. In this series of
characterization, the frequency response of the devices were tested from 1 Hz to 2 MHz. It is assumed
that 1 Hz closely approximates DC behavior.
Measurements were taken using a Cascade M150 probe station configured with four
micromanipulators outfitted with electrical probes. The probes were connected to the PARSTAT
galvanostat and set to measure impedance in a four wire configuration. The four probes were placed
across the tops of the VANTA as shown in Fig. 5 to directly characterize the impedance through the
VANTA structures.

I

C.E.
W.E.
R.E.

S.E.

V

Fig. 5. Schematic showing device and connectivity used in characterization of VANTA.

In this configuration, the contribution from the probe impedance is removed and the impedance
between the voltage sensing inner probes is more accurately measured. This impedance is shown over
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frequency from 1 Hz to 2 MHz in Fig. 6. The blue trace is the impedance and the green trace is the
phase.

Fig. 6. Bode Plot of device impedance from 1 Hz to 2 MHz.

Fig. 6 shows that the impedance remains close to 13 Ω at low frequencies and begins to increase as
reactive components begin contributing around 500 kHz. This increase in reactance continues, until it
peaks around 1 MHz, where it then declines back down to close to 15 ohms. The relatively low
impedance prior to 500 kHz is well suited for low frequency sensor applications where a low RBefore
will likely result in higher sensitivity. Sensitivity in biosensors is often quantified as shown in
Equation 1.
R After
RBefore

= Sensitivity ,

(1)

To establish the electrical continuity between the VANTA and the gold contact a 4 point measurement
was taken from the contact to the top of the VANTA structure. Fig. 7 shows a schematic of the
connection.

I

C.E.
W.E.

R.E.
I

V

S.E.

Fig. 7. Contact continuity measurement configuration.
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In the measurement shown above in Fig. 7, the first of the counter electrode (C.E.) connects to the gold
contact where as Working electrode (W.E.) connects to the top far side of the VANTA structure. This
measurement confirms the continuity between the contact and the top of the VANTA and measures the
impedance between the two inside points. Fig. 8 shows the impedance and phase plotted over
frequency from 1 Hz to 2 MHz.

Fig. 8. Bode Plot of continuity test.

The Bode Plot representing the impedance and phase, shown in Fig. 8 exhibit similar characteristics to
those shown in Fig. 6. The similarity between the two measurements confirms functional continuity
between the gold contact and the tops of the VANTA structures. In addition it confirms the low RBefore
when conducting through the gold contact.
As a precursor to functionalized electrical characterization demonstrating the detection of target
antigens, the functionalization with goat IgG antibodies was verified by using mouse monoclonal
antibodies conjugated with 10 nm gold nano particles and 488 nm fluorescent molecules. In addition to
validating our functionalization protocol this step also demonstrates the antibody remains biologically
active after functionalization to the MWNTs. The gold and fluorescent labeling were confirmed using
SEM/X-ray spectroscopy and fluorescent microscopy respectively. The functionalization process used
is a variation of standard nanotube functionalization [6]. In the first step the VANTA are treated with
glacial acidic acid for 48 hours. It is then washed with phosphate buffer saline (PBS), prior to the
addition of a coupling agent 1-ethyl-3-(3-dimethylaminopropyl) t-carbodiimide (EDC) for 24 hours.
Next, an active intermediate ester, N-hydroxysuccinimide (NHS) is added for 24 hours. The final step
functionalizes the nanotubes with the primary antibody. Fig. 9 is a representative SEM image
demonstrating the association the secondary antibody and 10 nm gold nano particles.
The gold nano particles, shown as white speckles, were verified to be elemental gold using X-ray
spectroscopy. The elemental spectrum of the area shown in Fig. 9 is shown in Fig. 10.
Although the absolute amount of gold present is small, the gold peaks were much larger than
background readings. In addition to the gold nano particles 488 nm fluorescent molecules where also
conjugated to the MWNT. In Fig. 11 a VANTA structure is shown fluorescing.
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Fig. 9. Functionalized nanotube showing covalently bonded gold nanoparticle labels.

Peaks exhibiting
Spectral peaks
peaks
the spectrum of
showing presence
gold (Au)
of gold

Fig. 10 X-ray spectroscopy showing the presence gold nano particles.

Fig. 11. VANTA fluorescing at 488nm validating further validating our functionalization technique.
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This image is looking down on the VANTA, showing the tops of the VANTA fluorescing. The high
aspect ratio of the VANTA growing out of the die made it difficult to measure using an inverted
microscope. Higher magnification would require a procedure likely to damage the VANTA, so lower
resolution images were taken.

4. Conclusions
Carbon nanotubes are an excellent material for sensor applications primarily due to their high
conductivity and ability to be biologically functionalized. A MWNT CVD process that is compatible
with an existing MEMS fabrication process (PolyMUMPS) has been shown. This process may lead to
a cost-effective and simple manufacturing technique for NT biosensors. The device described is an
excellent candidate for further refinement and integration into a lab-on-a-chip sensor platform.
Continuity between gold contacts and the VANTA was shown, as well as the impedance properties of
the array. By optimizing the device dimensions, the path of the test current can be isolated to primarily
occur through the tips of the two VANTA. Since the path of current has both transverse and lateral
components, electron transport through the VANTA may be particularly sensitive to events such as the
charge transfer between antibodies and antigen. Furthermore, the devices low RBefore provides a good
baseline resistance for low frequency sensor use, and higher frequency impedance values are also
suitable for higher frequency sensor operation. The device was fabricated using a readily available
MEMS process and one-step post-processing for growth of the VANTA sensor arrays.
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Abstract: In this work, we present a contactless micro position and angular sensor system which
consists of fixed commercial magnetic sensor elements, such as hall sensors and a movable part with
integrated micro structured polymer magnets. This system serves particularly for linear and rotatory
synchronous micro motors which we have developed and successfully tested. In order to achieve high
precision and control of these motors an integration of the special micro position and angular sensors is
pursued to increase the resolution and accuracy of the devices. Copyright © 2009 IFSA.
Keywords: Synchronous micro motors, Micro coils, UV depth lithography, Polymer magnets,
Position sensor

1. Introduction
Due to the development of several electromagnetic micro actuators and motors, like linear and rotatory
reluctance micro steppers as well as a special “Lorentz force actuators”, the demand of suitable
position detection systems has increased. In the last years, we have developed and fabricated linear and
rotatory synchronous motors with axially magnetized polymer magnets or commercial magnets in disc
shape rotor design (Fig. 1) [1-3]. Their basic design consists of electrical conductors and coil systems
as well as of magnetic materials that were fabricated in additive technology via UV-depth lithography
and electroplating. Furthermore, special micro composites were developed. This allowed the
fabrication of micro magnets with arbitrary shape and properties, ensuring complete compatibility to
existing process chains [4]. Thereby the integration of the position detection system into these
synchronous motors by already used technologies is possible.
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Fig. 1. Synchronous micro motors with integrated polymer magnets and commercial magnets.

2. Concept and Design
The sensor device consists of a Hall sensor element and a magnetic structure implemented in a rotor
disc which is adjusted above the sensor (Fig. 2, left). The Hall sensor detects the strength of axial
magnetic field generated by the magnetic structure. Due to the varying geometry of the magnetic
structure, the strength of the magnetic field can be altered by moving it over the magnetic sensor. This
results in the detection of the geometric structures as well as the measurement of their corresponding
angle. The Hall sensor is purchased from ‘Chen Yang Technologies’. This component has an overall
size of 3.5x1.5x0.6 mm3 and features a high linearity in the range between 0 and 300 mT.
For the first test different geometries are applied as magnetic structure in the rotor: single and double
cotters, step like cotters and segmented structures (Fig. 2, right).

Fig. 2. Concept of the sensor device (left) and rotors with implemented magnetic structures (right).

3. Characterization of Polymer Magnets
Polymer magnets are micro composite materials which are fabricated by embedding powdery,
magnetically hard materials in a polymer matrix. Three different fabrication techniques were
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developed for micro scale structuring of these composites: direct structuring, lift-off process and soft
lithographic molding [5]. Different qualities and properties can be obtained depending on the used
technique. In comparison to electroplated or sputtered layers the lift-off process provides magnetically
hard structures with high thicknesses of some 100 µm combined with high edge quality and high
aspect ratios. The advantage of this integration technique is the possibility to fabricate structures with
arbitrary shapes and thicknesses.
Various magnet powders were used and characterized for applications as polymer magnets, like rare
earth materials (neodymium-iron-boron, samarium-cobalt) and ferrites (barium-, strontium-ferrites).
The fabricated polymer magnet structures were characterized regarding their magnetic properties with
a vibrating sample magnetometer (LakeShore Inc.). In Fig. 3 (left) the magnetization curves are shown
for various used polymer magnets with 80 %wt powder ratio and structure heights of 320 µm.
For the implementation different geometries of polymer magnet structures were previously fabricated
to determine the magnetic properties in dependence of the dimensions. The magnetization
characteristics of different square polymer magnet structures made of neodymium-iron-boron are
shown in Fig. 3 (right). Maximal remanences between 230 mT and 345 mT were obtained with
neodymium-iron-boron powder.

Fig. 3. Magnetization characteristics of polymer magnets made of different materials (left) and different
dimensions made of neodymium-iron-boron (right).

3. Fabrication
For fabrication of the sensor system the hall sensor is assembled on the substrate and integrated into
the micro fabrication process chain; thereby allowing high precision adjustment and electrical
contacting through the combination of UV-depth lithography and copper electroplating. The rotor is
made in a separate process.
The process sequence for the fabrication of the rotor element is shown in Fig. 4. It starts with
electroplating of a sacrificial copper layer. On this a thin SU-8 layer is patterned serving as a base
plate. A following SU-8 layer with thickness of about 300 µm is structured to create a high precision
form with an arbitrary geometry, which is only limited by the lithography step. The unused areas
around the mould and the guidance structure are filled with a soluble resist like AZ9260. After that, the
liquid magnetic composite is inserted in the mould and baked out. Subsequently, a polishing process
follows to level the compound structure and to remove waste residues. Finally, the sacrificial copper
layer is etched and the rotors are detached from substrate. In doing so several magnetic structures were
fabricated.
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Fig. 4. Process sequence for the rotor fabrication.

For the magnetization of the polymer magnet cotter structures, special magnetization equipment was
designed. It consists of a ferromagnetic core with a yoke, in which a magnetization adapter with a ring
structure can be placed (Fig. 5). A flat coil with 445 windings wound around the core serves for
generating the magnetic flux. With the equipment a magnetic flux density of nearly 2.1 T is reached in
the air gap or polymer magnet respectively what is adequate for a permanent axial magnetization.

Fig. 5. Magnetization equipment (left) and adapter (right).

4. Measurements
4.1. Static Measurements
For the first tests an automatic measuring system was developed. This system allows the positioning of
the magnet sensor to the polymer magnet and controls all measurement parameters (Fig. 6, left).
Therewith a detailed parameter study can be run to optimize the sensor device.
To improve the sensor device performance, different magnetic structures were tested, which differ in
the number and the shape of cotters. One static measurement of a complete rotation of a double cotter
over one hall sensor is shown in Fig. 6 (right). The characteristic of Hall voltage mirrors the form of
signal structure. The rising between low and high level proceeds approximately linear with a different
voltage of 12 mV measured by an input current of 5 A.
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Fig. 6. Measurement setup with motorized stage and automated control for static measurements (left);
and characteristic of a double cotter for a rotation of 360° (right).

4.2. Dynamic Measurements
There is a requirement of high dynamic response behavior for the application in the synchronous
motors. Hence, dynamic measurements were carried out with a modified set up (Fig 7, left).
A commercial DC-motor is used for varying the rotational speed. An additional electromagnetic
shielding is fixed on the top of the motor to avoid influences on the measurements due to the magnetic
field of the motor.
The rotor is adjusted on an adapter which is form-closed mounted on the motor shaft. The Hall sensor
is aligned by a three axis positioning stage. Because of this measurement set up the sensor could be
placed with a height distance of 10 µm to the rotor. The characteristics of Hall voltage were recorded
for different rotational speeds. The results for a double cotter are shown in Fig. 8 (right). In the area
between low and high level, the voltage proceeds almost linearly independent of the rotational speed.

Fig. 7. Set up for dynamic measurements (left); and measurement results
of a double cotter for different rotational speeds (right).
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A comparison between single and double cotter rotor is shown in Fig. 8 (left). The high and low
voltage levels are equal. However, the double cotter features a steeper rising when compared to the
single one. Furthermore, the single cotter characteristic shows some fluctuations. This is caused by a
small-scale unbalance in z-direction. A major influence is given by the grain size of the constituted
magnet powder. Such fluctuations could appear due to inhomogeneous grain size (>9 µm) or unequal
distribution of the NdFeB powder. The likewise tested ferrite powder possesses a finer grain size
(<1.5 µm). In Fig. 8 (right) a comparison between ferrite and NdFeB magnet double cotter structures is
depicted. The signal structure made of NdFeB indicates a three- to fourfold higher magnetization and
therewith higher Hall voltage. This corresponds with a sensitivity of 0.3 mV per degree for the NdFeB
structure and 0.09 mV per degree for the ferrite structure. A summary of the measured values and
resultant sensitivities are listed in Table 1.

Fig. 8. Comparison of single and double cotter made of NdFeB-polymer magnet (left); and comparison
of double cotters with different polymer magnet materials.

Table 1. Overview of measured signal differences and calculated sensitivities.
Signal
Structure

ferrite

Signal
Difference
[mV]
16-20

NdFeB

49-60

0.14-0.17

ferrite

14-17

0.08-0.09

NdFeB

48-54

0.27-0.30

ferrite

16

0.09

NdFeB

56

0.31

Material

Sensitivity
[mV/°]
0.04-0.06

5. Conclusion and Outlook
The purpose of this work was to develop a position detection system for electromagnetic actuators.
The concept of such a system based on the Hall Effect was presented and the fabrication of rotatory
signal structures was identified. Furthermore, first measurements for the characterization of this system
were carried out and evaluated. The results show that with NdFeB powder based structures nearly
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linear characteristics with good sensitivities can be achieved. In respect of the signal structures no
substantial difference could be determined between step like variants and the other ones.
Two important aspects will be aimed for the further optimization and application. Thus, unpacked Hall
sensor elements should be applied, which are integrated in the process chain for fabrication of the
synchronous motors. Furthermore, the synchronous motor will be provided with two Hall sensor
elements. A first example has already been realized (Fig. 9). Due to a convenient combination of
measured Hall voltages of both sensor elements the sensitivity could be increased and therewith more
precise position detection could be provided.

Fig. 9. Synchronous motor with integrated sensor structure for position detection.
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Abstract: A novel miniature silicon microphone diaphragm that is highly robust when subjected to
residual stress is described [1]. The novel diaphragm is composed of a reinforced plate supported on
carefully designed hinges. An approximate model is developed to account for the effects of the small
back volume behind the diaphragm and the narrow slits around the perimeter using finite element
analysis and analytical equations. The overall dimensions of the polycrystalline silicon diaphragm are
1mm by 1mm by 40 microns. The measured response of the diaphragm closely resembles that of an
ideal rigid plate over a frequency range extending well beyond the audible range. This approach leads
to a structure that is remarkably robust and tolerant of the stresses that have plagued efforts to fabricate
miniature microphones [2, 3]. Potential applications include advanced consumer products such as cell
phones, portable digital devices, and camcorders. Copyright © 2009 IFSA.
Keywords: MEMS, Silicon microphone, Stress, Miniature diaphragm, Fabrication

1. Introduction
Residual stress produces major challenges in the fabrication of MEMS devices. This is particularly
true in the development of MEMS microphones since the response of the thin sound-sensitive
diaphragm is strongly affected by stress. Because the stress is strongly dependent on fine details of the
fabrication process that are almost impossible to control sufficiently, it nearly always has significant
detrimental effects on microphone performance.
Much effort has been made to control the flatness and dynamic performance of thin film diaphragms
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[4-10]. Lee, et al [11] discloses a method to fabricate a micromachined pressure transducer having a
multi-layer silicon nitride thin film cantilever diaphragm. The technique relies on the symmetry of the
stress gradient in the two outer layers and a larger tensile stress (250 MPa) in the second layer to
maintain diaphragm flatness. The measured static deflection due to stress is more than 15 microns.
This static deflection makes this design unacceptable for miniature capacitive microphones that require
a small gap between the diaphragms and back-plates. Loeppert et al. [12] discloses a cantilever center
support diaphragm design. A corrugated structure and a sandwich of two quilted films separated by a
thin 2-3 micron sacrificial layer are employed to match the diaphragm compliance to the desired
pressure range as well as to counter any curling tendency of the diaphragm. It can be difficult to
control the flatness with this approach. A patent by Bernstein [13] discloses a structure consisting of a
single crystal silicon diaphragm supported on its corners by patterned silicon springs. By supporting
the diaphragm only at the corners, it is possible to increase the diaphragm compliance, and
subsequently, the sensitivity to sound. This approach permits a design that is more compliant than the
usual approach where the diaphragm is supported entirely around its perimeter. However, it does not
ensure that the stress in the structure will not result in breakage (if the stress is tensile).

2. Design and Fabrication
2.1. Diaphragm Design
A robust microphone diaphragm design is presented that maintains good dimensional control under the
influence of residual stress, either compressive or tensile, while having its dynamic response
dominated by only a single mode of vibration.
This design uses a stiffener-reinforced membrane that is supported on specially designed torsional
springs that have very high stiffness in the transverse direction but well controlled stiffness in torsion.
The result is a lightweight structure that acts like a rigid plate with a flexible pivot support along one
edge. Fig. 1 displays the overall dimensions of the diaphragm.
10

long flexu re

slits all the
2
way around

1mm
20
wide web
1mm

40

wide flexu re

5

wide web

Fig. 1. Dimensions of the microphone diaphragm.

The light green represents the 4-micron thick stiffeners that extend 40 microns out of the diaphragm
plane. The length of the torsional springs is 10 microns, which has been chosen to tune the structural
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stiffness such that the frequency of the first mode is around 24 kHz. Finite element analysis was
performed to predict the mode shapes and the effect of the residual stress induced during the
fabrication process. Fig. 2 displays the finite element analysis image of the diaphragm. The light blue
represents the stiffeners and the purple represents the diaphragm.

Fig. 2. Finite element analysis (ANSYS) image of the microphone diaphragm.

The response of the diaphragm is predicted to be extremely close to that of an ideal rigid plate over a
frequency range extending well beyond the audible range. The dynamic characteristics (compliance) of
this design can be easily tuned by varying the length of the supporting T section along with its cross
sectional dimensions. Assuming that the diaphragm is fabricated out of 2-micron thick polycrystalline
silicon and the stiffeners are 4-micron thick and 40-micron tall, the first mode of vibration is predicted
to be at 24 kHz (Fig. 3). This mode consists primarily of a rocking motion about the T section
supports. Second mode of vibration is predicted to be at 84 kHz consists of twisting motion (Fig. 4).
This mode is well above the audible frequency range and thus will not influence the response. By
utilizing a stiffened diaphragm structure, the unwanted modes are pushed to ultrasonic frequencies so
that the response is very similar to an ideal structure in the frequency range of interest.
Along with having excellent dynamic characteristics, this design concept is highly robust when
subjected to stress that may arise during the fabrication process. It is well known that unwanted stress
can greatly reduce the yield and the performance of silicon microphones. Because the diaphragm
possesses high bending rigidity, it is not prone to buckling when subjected to compressive stress and
tends to remain fairly flat under either compressive or tensile stress. The maximum out of plane
diaphragm deformation is predicted to be about 0.6 micron when the material is subjected to 40 MPa
of isotropic compressive stress as shown in Fig. 5. An identical result, with opposite sign, is obtained
for tensile stress. The small deformation shown is substantially less than what would be observed in a
conventional design. The maximum stress concentration is about 311 MPa at the corners where the
T sections and the web meet. This value is well below the yield stress of polycrystalline silicon which
is estimated to be about 1.7 GPa. In addition, the first mode shifts to 24,120 Hz from 24,118 Hz and
the second mode shifts to 84,812 Hz from 84,416 Hz with 40 MPa in-plane compressive stress. The
dynamic response of the structure is not significantly affected by the stress. The buckling analysis with
40 MPa compressive stress results in an eigenvalue of 4.85 for the first mode, which indicates that the
diaphragm will not buckle until the stress reaches 194 MPa (40 MPa times 4.85) [3].
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Fig. 3. Predicted first mode of vibration of the microphone diaphragm.

Fig. 4. Predicted second mode of vibration of the microphone diaphragm.

2.2. Diaphragm Fabrication
The diaphragm fabrication starts with a deep trench etch into the silicon wafer that acts as a mold for
the thick polysilicon ribs, followed by sacrificial wet oxide growth and the polysilicon deposition. The
oxide layer acts as an etch stop for the backside cavity etch and it also keeps the fragile microphone
diaphragm from being fully released following the backside cavity etch. The oxide will hold the
membrane firmly in place until it is etched away during the final step. The polysilicon that fills the
trenches will become the supporting ribs, and the polysilicon on the surface of the wafer will form the
microphone diaphragm or “skin”. The polysilicon film is then smoothed with either chemical
mechanical polishing or reactive ion etch. The next step is the backside cavity etch that defines the air
chamber behind the microphone diaphragm. The wafer is diced into microphone chips before the final
microphone diaphragm release.
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Fig. 5. Predicted diaphragm deformation due to 40 MPa of compressive stress.

The microphone diaphragm is then fully released at the chip level by dissolving the sacrificial oxide
layer in hydrofluoric acid. Fig. 6 shows the fabrication process flow of the microphone diaphragm [14]
and Fig. 7 shows a SEM (Scanning Electron Microscope) image of the vicinity of the hinge support of
the fabricated silicon microphone diaphragm.

4)

1)

Polysilicon Smoothing
& Patterning

Reactive Ion Etch

5)

2)
Sacrificial Oxide Growth

3)

Polysilicon Deposition

Deep Reactive
Ion Etch

6)

BHF Release

Fig. 6. Diaphragm fabrication process flow.

Close examination of the SEM picture of the microphone diaphragm shows that the T-section does not
end where the slits end but extends to the wall of the backside etch cavity. And the stiffeners are about
5.45 microns thick instead of 4 microns in the original model, as shown in Fig. 7. A detailed finite
element model was constructed to analyze the model and frequency response with the actual
parameters and boundary conditions. Fig. 8 shows the finite element model of the vicinity of the hinge
support of the diaphragm. The original predicted first two resonant frequencies are 24 kHz and
84 kHz respectively. When the different boundary condition and stiffener thickness are accounted for
in the model, the predicted first two resonant frequencies reduce to 17 kHz and 81 kHz respectively.
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Fig. 7. SEM image of the vicinity of the hinge support of the fabricated silicon microphone diaphragm.

fully fixed on the boundaries

14. 26µm

40 µm

23. 26

9. 6

5 µm wide web

20 µm
wide web

2 µm wide slit

2 µm
wide slit

5. 45 µm thick,
40 µm high
stiffeners

2 µm thick
diaphragm

Fig. 8. Finite element model of the vicinity of the hinge support of the diaphragm

3. Numerical Analysis
3.1. Diaphragm with no Slit
For microphone diaphragms with all four edges clamped, only one side of the microphone diaphragm
is exposed to the incident sound, the diaphragm response may be modeled as a linear second order
oscillator:
••

•

m x + kx + c x = − PA ,

(1)
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where m is the diaphragm mass (It may or may not be the actual mass of the diaphragm. Instead, it is
the effective or equivalent mass resulting in the correct dynamic response predicted by the lumped
mass model), k is the equivalent mechanical stiffness, c is the viscous damping coefficient, P is the
pressure due to the applied sound field, and A is the diaphragm surface area. It is assumed that a
positive pressure at the diaphragm’s exterior will result in a force in the negative direction. If the
resonant frequency, ω0 = k / m , is above the highest frequency of interest then the mechanical
sensitivity will be Sm = A/k.

3.2. Force Due to Back Volume of Air
If the dimensions of the air chamber behind the diaphragm are much smaller than the wavelength of
the sound, we can assume that the air pressure in the volume is independent of location. The air in this
volume will then act like a linear spring. The fluctuating pressure in the volume, V, due to a fluctuation
in the volume, dV , resulting from the outward motion of the diaphragm, x, is
Pd = ρ 0 c 2 dV / V = − ρ 0 c 2 Ax / V

(2)

where ρ 0 is the density of air and c is the sound speed. The negative sign results from the fact that an
outward or positive motion of the diaphragm increases the volume and thus reduces the internal
pressure. This pressure in the volume exerts a force on the diaphragm given by

Fd = Pd * A = − ρ 0 c 2 A 2 x / V = − K d x,

(3)

where K d = ρ 0 c 2 A 2 / V is the equivalent spring constant of the air in N/m.
The force due to the air in the back volume adds the restoring force due to the mechanical stiffness of
the diaphragm. Including the air the back volume, equation (1) becomes
m&x& + kx + K d x + Cx& , = − PA .

(4)

The mechanical sensitivity now becomes S m ≈ A /(k + K d x) .
The small back volume significantly increases the stiffness of the system and causes the viscous flow
of air through the slits that separate the diaphragm and the substrate by coupling the air in the slits with
the motion of the diaphragm, adding a significant amount of damping. An approximate model has been
developed to account for the effects of the small back volume behind the microphone diaphragm and
the narrow slit around its perimeter. This is based on a lumped parameter approach where the
diaphragm parameters are extracted from the detailed finite element model, and the parameters for the
air in the slits and back volume are calculated with theoretical equations. The low-frequency response
of the diaphragm is predicted to be adversely affected by the slits and the small back volume. When
the back volume and slits are accounted for in the model, there is a 6 dB/octave roll off at low
frequencies.

3.3. Effect of the Air in the Slit

The air in the slit around the diaphragm will be forced to move due to the fluctuating pressures both
within the space behind the diaphragm and in the external sound field. We can again assume that the
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dimensions of this volume of moving air are much smaller than the wavelength of sound so that it can
be represented by a single lumped mass of mass ma . An outward displacement of the air in the slit, x0 ,
causes a change in volume of the air in the back volume given by − A0 x0 and a corresponding pressure
given by

Paa = − ρ 0 c 2 Aa x a / V ,

(5)

where Aa is the area of the slit on which the pressure acts.
The pressure due to the motion of the air in the slit applies a restoring force on the mass of air in the
slit given by
Faa = − ρ 0 c 2 Aa x a / V = − K aa x a ,
2

(6)

where K aa = ρ 0 c 2 Aa / V .
2

The pressure due to the motion of the air in the slit also exerts a force on the diaphragm given by
Fad = Paa * A = −ρ0 c 2 Aa Axa / V = −K ad xa

,

(7)

where K ad = ρ 0 c 2 Aa A / V
Likewise, the pressure due to the motion of the diaphragm in equation (2) produces a force on the air
in the slit that is given by
Fda = Pd * Aa = − ρ 0 c 2 AAa x / V = − K da x

,

(8)

where K da = K ad as given above.
Because the air in the slit is squeezed through a relatively small opening, we must account for the
viscous effects which result in a velocity dependent restoring force on the air in the slit,
Faa = −cv x& ,

(9)

where cv is a viscous damping coefficient that depends on the details of the flow, as discussed below.
Finally, the externally applied force on the air in slit due to the incident sound field is
Fa = PAa .

(10)

Summing the forces on the moving elements of the system gives the following pair of governing
equations
m&x& + (k + k d ) x + K ad x a + Cx& , = − PA ,

(11)

m a &x&a + k aa x a + K da x + c v x& a , = − PAa

(12)
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3.4. Response due to Harmonic Sound Fields

If we assume the sound pressure is harmonic with frequency ω then let P = Pe iϖt . Equation (11) and
(12) may be solved to give the steady-state response relative to the amplitude of the pressure. The
equations may then be written as
−1

⎤ ⎡ − A⎤
kad
⎛ X / P ⎞ ⎡k + kd −ω 2 m + iωC
⎜⎜
⎟⎟ = ⎢
⎥ ⎢
⎥
2
kda
kaa − ω ma + iωcv ⎦ ⎣− Aa ⎦
⎝ X a / P⎠ ⎣

(13)

The response of the microphone diaphragm is then
X P=

− A(k aa − ω 2 ma + iωcv ) + Aa K ad
(k + k d − ω 2 m + iωC ) * (k aa − ω 2 ma + iωcv ) − k ad * k da

(14)

Note that equation (7) and (8) give AK aa = Aa K ad so that equation (14) becomes
X P=

− A(−ω 2 ma + iωcv )
(k + k d − ω 2 m + iωC ) * (k aa − ω 2 ma + iωcv ) − k ad * k da

(15)

The ω dependence in the numerator of this expression clearly shows that the response has a high-pass
filter characteristic. The cut-off frequency of the high-pass response is given by

ω cut =

k aa k
cv (k + k d )

(16)

where we have used the fact that k aa k d = k ad k da .
Note that for a sufficiently large value of c v , equation (15) becomes

X P≈

−A
k + k d − ω 2 m + iωC

(17)

in which case the response behaves as if the enclosure is sealed with an equivalent stiffness k + k d .

3.5. Diaphragm Acoustic Radiation Loading

If we assume that the microphone diaphragm vibrates like an ideal piston, the results presented above
can be modified to account for the radiation load on the piston. The total reaction force on a square
piston has been calculated by Morse and Ingard [15]. The force relative to the complex amplitude of
the displacement is given by
Fω
= ρcd 2 [ω 2 8d /(9πc) + iω (ωd / c) 2 / 16
X

(18)

where we have assumed the length of each side of the square piston is d . Equation (18) can be used to
identify a “co-vibrating” mass due to the air near the diaphragm that is given by
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mrad = ρcd 2 8d /(9πc)

(19)

One can also identify the frequency-dependent equivalent damping constant due to the radiation,

C rad = ρcd 2 (ωd / c) 2 / 16

(20)

By including the mass and damping effects of equation (19) and (20), equations (11) and (12) become
(m + mrad )&x& + (k + kd ) x + Kad xa + (C + Crad ) x&, = −PA

(21)

m a &x&a + k aa x a + K da x + c v x& a , = − PAa

(22)

The response given by equation (15) then becomes

X P=

−A(−ω2ma +iωcv)
(k +kd −ω2(m+mrad) +iω(C+Crad))*(kaa −ω2ma +iωcv)−kad *kda

(23)

3.6. Equivalent Properties of the Microphone Diaphragm

Equation (1) represents the motion of the microphone diaphragm as a simple translating piston with
transverse displacement, x. It is reasonable to assume that the average displacement of the diaphragm
occurs at its center if the pivot occurs along one edge as in the current design. An equivalent lumped
mass model in terms of rotation θ, about the pivot may be written as
••

I yy θ + ktθ = PAd / 2,

(24)

where Iyy is the mass moment of inertia about the pivot, kt is the equivalent torsional spring constant, A
is the area of the diaphragm that is acting on by the sound pressure P, and d/2 is the distance between
the center of the diaphragm and the pivot. I yy is computed by ANSYS for the diaphragm model to be

I yy =3.315 × 10 −3 kgµm 2 . In order to convert the rotational representation of equation (2) into one that
uses the displacement x as the generalized coordinate, note that x = θd / 2, or θ = 2 x / d (small angle
approximation). Replacing θ with x allows us to write equation (2) as
••

I yy 2 x/ d + k t 2 x / d = PAd / 2

(25)

or
••

I yy (2 / d ) 2 x + k t (2 / d ) 2 x = PA

(26)

Comparing equation (1) and (26) gives the equivalent mass as
2
m = I yy ( ) 2 ≈ 1.254 × 10 −8 kg
d

(27)
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3.7. Damping Due to the Slit, cv

Because the slit is only 2 µm wide, it is assumed that the flow of air through it is primarily determined
by viscous effects. The velocity of the viscous flow in the slit may be approximated by a parabolic
profile given by
u( y) = −

∂P h 2
(1 − ( y / h) 2 )
∂x 2µ
,

(28)

where µ = 1.846 × 10 −5 kg / m / s , and h = 1µm is half the distance across the gap. To compute the
equivalent viscous damping coefficient we need to relate the net force acting on the air in the gap to
the average velocity, < u ( y ) > , where
∂P h 2
∂P h 2 1 h
2
(1 − ( y / h) )dy = −
< u ( y ) >= −
∂x 3µ
∂x 2 µ 2h ∫− h

(29)

The gradient of the pressure in the slit may be taken as the net pressure on its exterior divided by the
∂P
= Pnet / l , so that
depth, l = 2µm ,
∂x

Pnet = −

3µl
< u( y) >
h2

(30)

If the total length of the slit is w = 4mm then the net force is
f net = Pnet 2hw = −

6 µlw
< u( y) >
h

(31)

The equivalent dashpot constant is then
cv =

6µlw
h

(32)

Since l = 2µm, h = 1µm, w = 4mm, and µ = 1.846 × 10 −5 kg / m / s, the dashpot constant due to the
slits is cv = 8.861 × 10 −7 N − s / m.

3.8. Numerical Results

Based on our FEM design model, the static stiffness of the flapping microphone diaphragm
k = 285N / m . The back volume has dimensions 380 × 1012 × 1012µm 3 . The area of the diaphragm is
A = 1000 2 µm 2 . The width of the slits is 2µm and the volume of the air in the slits is
Va ≈ 2.9 × 10 −14 m 3 and its mass is ma = 3.49 × 10 −14 kg . Equations (3), (6) and (7) then give
K d = 366 N / m, K aa = 0.024 N / m, and K ad = 2.97 N / m .
Clearly, K d and k are the dominant stiffness in the system. The predicted low frequency cut-off of
the diaphragm with a closed back volume from equation (16) is 1,923 Hz. The low cut-off frequency
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as predicted by equation (16) can be reduced by reducing the stiffness of the diaphragm, k . Solving
equation (16) for k gives
k=

ωcut cv kd
kaa − ωcut cv

(33)

If we wish to have a low frequency cut-off of approximately 200 Hz, equation (33) gives a diaphragm
stiffness of k ≈ 18 N / m [3].

4. Microphone Diaphragm Characterization
4.1. Experiment Set Up

An experimental setup is described that allows the acoustic response of micro-fabricated microphone
diaphragms on bare die to be measured with different back volume configurations. This setup is
pictured in Fig. 9. A cylinder fixture with the test die is shown, along with the front lens of a laser
vibrometer, a loudspeaker, reference microphone, and microscope. This equipment is mounted on a
Newport Research Series vibration isolation table (RS 4000, dimensions 3'x6'x8").

Fig. 9. Test setup used to measure the response of the microphone diaphragm.

The microphone diaphragm test die is carefully taped around the edges using wafer tape to attach it to
a circular disk (1.25" diameter, 0.07" thick). This disk is bolted to the end of a cylinder (1.25" OD,
0.688" ID, 5" length) that is filled with sound absorbing foam. To test the diaphragm with a large back
volume, the chip is mounted to a disk with a 1/8th inch (3.175 mm) diameter hole with the test
diaphragm centered over the hole, exposing the backside of the diaphragm to the inside of the test
cylinder. The diaphragm is tested with a small back volume by mounting the test die on a disk without
a hole, making the back volume of the diaphragm defined by the die thickness and backside cavity
etch.
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A laser vibrometer is used to measure the vibration at the center of the microphone diaphragm (Polytec
OFV-302 sensor head with OVF-3000 vibrometer controller). For positioning of the laser spot, the
vibrometer sensor head is mounted on a pair of horizontal and vertical Oriel motorized micrometers
that are controlled by a joystick (Oriel Motor Mike Control, Model 18000). A dissecting microscope
with a digital camera is used to monitor the location of the laser spot as it is manually positioned
(Leica Wild M3C, Kodak MDS-100 digital video camera with Optem SC38 microscope attachment).
The cylinder is attached to a rotation stage and linear positioning stage to further aid in positioning the
test diaphragm relative to the laser vibrometer.
A loudspeaker is placed approximately six inches from the test membrane at grazing incidence to the
plane of the test die. The sound pressure generated by the loudspeaker is measured close to the test
diaphragm with a 1/8th inch diameter reference microphone, positioned as shown in Fig. 9 (B&K
condenser microphone type 4138 with type 2670 pre-amp; B&K dual microphone supply type 5935).
A computer controlled data acquisition system is used to create the excitation signal for the
loudspeaker and simultaneously measure the microphone and laser vibrometer signals (Spectral
Dynamics, SigLab model 50-21). A burst chirp is sent to a power amplifier that drives the loudspeaker.
Data is sampled with 16-bit resolution at 128 kHz. A custom cosine taper window is applied to the
laser vibrometer and reference microphone time traces prior to spectral processing to reduce the effects
of acoustic reflections. The transfer function of the laser vibrometer with respect to the reference
microphone is estimated using 20 spectral averages, then processed to get the mechanical acoustic
sensitivity of the diaphragm in units of [mm/Pascal] [14].
4.2. Measured and Predicted Frequency Response

Measured and predicted results are shown in Fig. 10 for the response of the center of the microphone
diaphragm. The figure shows nearly perfect agreement between our predictions and measurements of
the frequency response. When the back volume and slits are accounted for in the model, there is a
6dB/octave roll off at low frequencies as shown in the predicted curves in Fig. 10. The “small back
volume” is made up of the 380 microns thick wafer. Measured data were obtained only above 1000 Hz
due to the experimental set up. The model we developed does an excellent job in predicting the
responses including the low-frequency cut-off effects. The prediction is based on an entirely first
principles approach; the model parameters were not adjusted to get the measurements and predictions
to agree.
The small back volume and the slits significantly reduce the response of the diaphragm relative to our
original prediction, which neglected their effects. To offset some of this loss in sensitivity, it is
possible to drill a small hole in the ceramic substrate and package to greatly increase the size of the
back volume. This would bring the response much closer to our original prediction. A prediction based
on increasing the depth of the back volume from 380 microns to 5000 microns is identified in the
figure as “predicted large back volume.”

5. Conclusions
The design, fabrication, analysis and characterization of a novel robust microphone diaphragm are
described. A numerical model is developed to account for the effects of the small back volume and the
slits around the perimeter that significantly reduce the response of the diaphragm. The results are
extremely encouraging because it appears that this design is not adversely affected by intrinsic stress in
the polysilicon. It has been demonstrated with prototype devices that this design approach avoids the
difficulties caused by stress in silicon microphones. This is accomplished by employing structural
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analysis and design to develop low-mass diaphragms that can withstand stress induced both during
fabrication and operation. The current fabrication results reveal that the idea of fabricating a fairly
rigid structure that is supported on specially designed supports can lead to revolutionary improvements
in microphone design. This approach leads to a structure that is remarkably robust and tolerant of the
stresses that have plagued efforts to fabricate miniature microphones.

Fig. 10. Predicted and measured diaphragm response.
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Abstract: We present an analysis of an electrostatic drop-on-demand MEMS fluid ejector. The ejector
consists of a microfluidic chamber with a piston that is suspended a few microns beneath a nozzle
plate. A drop is ejected when a voltage is applied between the orifice plate and the piston. This
produces an electrostatic force that moves the piston towards the nozzle. The moving piston generates
a squeeze-film pressure distribution that causes drop ejection. We discuss the operating physics of the
ejector and present a lumped-element model for predicting its performance. We calibrate the model
using coupled structural-fluidic CFD analysis. Copyright © 2009 IFSA.
Keywords: MEMS inkjet, Microdispensing, Drop-on-demand, Squeeze film drop ejector

1. Introduction
Research towards the development of devices that enable the controlled generation and delivery of
picoliter-sized droplets has increased dramatically over the last several years, due in part to rapid
advances in microfluidic, biomedical, and nanoscale technologies. Novel applications for such devices
are proliferating, especially in fields that benefit from high-speed and low-cost patterned deposition of
discrete samples (droplets) of micro- or nanoscale materials. A wide range of materials can be jetted
for deposition including liquid metals, dispersions of nanoparticles, electrical, and optical polymers,
myriad biomaterials, sealants and adhesives. Emerging applications in this field include printing
functional materials for flexible electronics, microdispensing of biochemicals, printing biomaterials
(e.g. cells, genetic material), and 3D rapid prototyping [1-7]. Currently, the most notable and
commercially successful application is inkjet printing wherein streams of picoliter-sized drops are
ejected at high repetition rates onto a media to render an image.
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Inkjet printing can be broadly divided into two distinct printing methods; continuous inkjet printing
(CIJ), and the more common drop-on-demand (DOD) printing. In CIJ printing, droplets are produced
continuously but only a fraction of these are used to form the image. The unused droplets are deflected
and guttered prior to reaching the image, and this unused ink is recycled to the printhead. Conventional
CIJ systems rely on piezoelectric transducers for drop generation and electrostatics for drop deflection.
Recently, Eastman Kodak has introduced a novel CMOS/MEMS-based CIJ technology that utilizes the
thermo-capillary Marangoni effect for drop generation and air flow for drop deflection [8-11].
In DOD printing, droplets are produced as needed to form an image. The droplets are typically
generated using a high-intensity short-lived pressure pulse within a microfluidic chamber beneath an
orifice plate. The temporal amplitude of the pressure pulse can be tuned to control the characteristics
of the ejected droplet, i.e. volume and velocity. The most common methods for producing the DOD
drop ejection pressure involve piezoelectric actuation or the generation of a thermally induced vapor
bubble (bubble-jet) [12].
In this paper we study an electrostatic DOD device in which drop ejection is based on a fluidic
squeeze-film effect. Specifically, we study a MEMS drop ejector that consists of a microfluidic
chamber with a piston that is suspended a few microns beneath and orifice plate (Fig. 1).

Fig. 1. MEMS drop ejector (adapted from reference [14]): (a) schematic showing cantilevered
piston and cut away view of nozzle plate, (b) close up view of orifice and piston,
and (c) SEM of ejectors (cover removed).
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The piston is supported by cantilevered polysilicon flexure members that act as restoring springs when
piston is displaced from its equilibrium position (Fig. 1a). To eject a drop, a potential difference is
applied between the orifice plate and the piston, and this produces an electrostatic force that moves the
piston towards the orifice. The moving piston generates a squeeze-film pressure distribution in the
fluid sandwiched between it and the nozzle, which acts to eject the drop (Fig. 2). Specifically, a peak
pressure (stagnation pressure) occurs at a specific radius (stagnation radius), which is greater than the
orifice radius. Thus, the fluid within the stagnation radius is confined, and forced through the nozzle as
the piston moves towards it. A portion of this fluid ultimately detaches from the ejector and forms into
a droplet; the remainder retracts back into the ejector as the piston returns to its equilibrium position. A
drop ejector based on this principle has been fabricated and characterized at Sandia National
Laboratories using the SUMMiT process (Fig. 1) [13, 14].
In this paper, we discuss the basic operating physics of the ejector and we present an analytical
lumped-element model for predicting its performance. We use the model to study device performance.
We compare the analytical predictions with CFD analysis that takes into account the coupled pistonfluid interactions.

2. Mathematical Model
The development of MEMS DOD devices requires substantial modeling in advance of device
fabrication. Modeling is needed to obtain sufficient understanding of drop generation to enable device
optimization taking into account critical device parameters as well as the fluid rheology. A rigorous
DOD analysis requires coupled structural-CFD (and/or thermal-CFD) analysis. Moreover multiphase
CFD analysis is needed to model the evolution of the free-surface of the ejected column of fluid as it
passes through the orifice and develops into a droplet. Methods for modeling such coupled phenomena
represent an active and growing area of research. Indeed, the multiphase aspect of the computation is
itself under intense investigation. While various numerical techniques have been developed for
simulating free-surface flows, each has advantages and drawbacks, and all such methods tend to be
computationally intensive. The computational methods can be broadly classified as Lagrangian or
Eulerian, or hybrid combinations of the two [15-17]. In Lagrangian methods, the fluid interface is
tracked with computational nodes that move with the fluid velocity. While this provides an accurate
description of the free-surface, its main disadvantage is that the mesh can become severely distorted
over time, and the careful monitoring of mesh quality is required with frequent remeshing that
significantly adds to computational overhead. Arbitrary Lagrangian–Eulerian methods (ALE) can
remedy this problem by allowing the nodes to move independent of the fluid velocity thereby
maintaining mesh quality and minimizing remeshing, but implementation can be nontrivial for
complex flows. In the Eulerian approach, the computational mesh is fixed, and an unknown function is
introduced and solved for whose values define the volume fraction of fluid in each computational cell.
The most common implementation of this approach is the volume of fluid (VOF) method [17]. We use
a fully-coupled structural-VOF analysis for our study of the DOD ejector.

2.1. Lumped-Element Analysis
As a supplement to computationally intensive fully-coupled CFD analysis, one can often simplify a
problem and study device performance using an electromechanical-fluidic lumped-element approach.
We develop such a model for the DOD drop ejector using an axisymmetric analysis (Fig. 2). The
motion of the piston is obtained from the equation for the force balance on the piston
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(m

p

+ meff (t ) )

dv p
dt

rp

= Fa (t ) − kx p (t ) − 2π ∫ p (r , v p , t ) r dr +

∑F

f

(1)

,

0

where m p , x p (t ) , and v p (t ) are the mass, position, and velocity of the piston, meff (t ) is the effective

mass of the fluid that it accelerates, Fa (t ) is the applied electrostatic force, k is a spring constant for
the polysilicon support members, and p( r , v p , t ) is the squeeze-film pressure distribution that develops
between the piston and the nozzle, which acts to resist the piston motion. The term

∑F

f

represents

other forces due to the fluid motion.

Fig. 2. Axisymmetric model of MEMS drop ejector.

2.2. Stagnation Pressure

The pressure distribution p ( r, v p , t ) developed by the moving piston is obtained by applying Reynolds
lubrication theory to the axisymmetric geometry shown in Fig. 2. The pressure above the piston
satisfies the following equation
1 ∂ ⎛ ∂p(r , t ) ⎞
12µ
⎜r
⎟ = − 3 v p (t )
r ∂r ⎝
h (t )
∂r ⎠

(r0 ≤ r ≤ rp ) ,

(2)

where µ is the fluid viscosity, v p is the piston velocity, ro and rp are the radius of the orifice and the
piston respectively, and h(t ) is the distance from the piston to the nozzle plate. The general solution to
this equation is of the form
p( r, t ) = −

3µ v p (t )
h

3

r 2 + c1 ln( r ) + c2 ,

(3)

where c1 and c2 are constants determined from boundary conditions [18]. The pressure peaks at a value
ps at the stagnation radius rs (t ) ,
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rs (t ) =

h3c1
,
6µ v p (t )

(4)

as shown in Fig. 2. We assume that fluid above the piston and within the stagnation radius ( r ≤ rs (t ) )
flows towards the orifice, while fluid beyond this point ( r > rs (t ) ) flows into the reservoir. The
boundary conditions for this problem are

p(r , t ) = pB (t )

(r = ro )

p(r , t ) = pR (t )

(r = rp )

,

(5)

where pB (t ) and pR (t ) are the pressures beneath the orifice (r ≤ ro ) , and at the edge of the piston,
respectively, which are related to the flow rates at those points. Analytical expression for p( r , t ) , rs (t ) ,
pB (t ) and pR (t ) can be found in the literature [18].

2.3. Effective Mass

We take into account inertial effects by estimating the mass of fluid accelerated by the piston as it
moves. We assume that the fluid within the stagnation radius flows towards the orifice, while the fluid
beyond this point flows through the gap into the reservoir. From our analysis we find that the total
effective mass of the fluid is [18]
⎡ rp 3 + r03 + 4rs 3
⎤
− rs 2 ( rp + r0 ) ⎥ + ρπ l0 rs 2 (t ) + ρπ l0 rs 2 (t ) + ρπ l p ( rp 2 − rs 2 (t ) ) .
meff (t ) = ρπ ⎢
3
⎣⎢
⎦⎥

(6)

2.4. Equation of Motion

The equation of motion Eq. (1) contains an expression

∑F

f

that accounts for additional forces due to

fluid flow. We collect all the relevant terms and obtain the following equation for the motion of the
piston

(m

p

+ meff (t ) )

dv p
dt

= Fa (t ) − kx p (t ) − π ro 2 pB ( v p , t )
rp

− 2π ∫ p( r, v p , t ) r dr − ρ
ro

π 2 ( rp 2 − rs 2 )

( 2π r g )
p

2

v p 2 (t ) − ρπ

rs 4 2
v p (t )
ro 2

(7)

⎡ rp 3 + r03 + 4rs 3
⎤ v p 2 (t )
2
− ρπ ⎢
− rs ( rp + r0 )⎥
.
3
⎣
⎦ ( h0 − x p (t ) )
To perform device simulation, we integrate this nonlinear ODE using a fourth-order Runge-Kutta
method.
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3. Results
We integrate the equation of motion to study the behavior of the drop ejector. We solve for the piston
velocity, and use this to obtain the average velocity vo (t ) and volume flow rate Qo (t ) of the fluid
ejected through the nozzle,
rs 2 (t )v p (t )

vo (t ) =

ro 2

,

(8)

and
Qo (t ) = π rs 2 (t )v p (t ) .

(9)

It is important to note that this analysis does not take into account the complex free-surface dynamics
that govern the fluid-nozzle interaction and the ultimate formation of the drop, i.e. pinch-off, satellites
etc. To compensate for this, we estimate the actual observed flow rate Qexp (t ) = β Qo (t ) using a fitting
parameter β , which we determine using CFD analysis. Once determined, this parameter is fixed for
all of the analysis. We also track the total volume of fluid Veject ejected during actuation by integrating
the flow rate through the orifice during the applied force,
τ

Veject = ∫ Qexp (t ) dt ,

(10)

0

where τ is the duration of the applied voltage or E field.
We apply the model to a fabricated prototype ejector with an orifice radius ro =10 µm [14]. The piston
is polysilicon with a thickness of 2 µm. The reservoir gap is g = 10 µm, and the fluid is water. We
study the ejection process using a constant electric field and no spring restoring force ( k = 0). The
applied field is E = 25 V/µm and the activation period is τ = 4.4 µ s . During this time, the applied
electrostatic force on the piston is Fa (t) = επ ( rp 2 - ro 2 ) E 2 / 2 where ε = 70ε 0 .

We track the flow rate through the orifice, piston velocity and ejected volume. We perform a
parametric analysis where we vary the piston radius rp = 50, 60 and 70 µm. For each radius, we
evaluate ejection performance for three different initial piston-to-nozzle distances h0 = 3.5, 4.0
and 4.5 µm. We calibrate our analytical model using CFD analysis that takes into account fluidstructure coupling, i.e. the moving piston creates a pressure distribution in the fluid, and its
displacement depends on the applied electrostatic force and the resistance to motion due to the
pressure.
We use the FLOW-3D software for the CFD, which is a volume-of-fluid (VOF)-based solver [19].
From our CFD analysis we determine a fitting parameter β = 0.75, i.e. the analytical model over
predicts the ejected volume by 25 % compared to the CFD analysis. This is expected as the model does
not take into account several effects that tend to lower the ejected volume including the back pressure
at the orifice due to the developing meniscus etc. We use the same value of β for all our analysis. The
calibrated analytical predictions are compared to the corresponding CFD predictions of ejected fluid
volume in Table 1.
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Table 1. Comparison of total volume ejected through the orifice during the ejection period 4.4 µs.

50
h0 (µm)
3.5
4.0
4.5

4.13/4.4
4.79/5.0
5.27/5.54

QAnalytical /QCFD (pl)
Rp (µm)
60
4.93/5.2
5.7/5.7
6.4/6.35

70
5.67/5.6
6.64/6.35
7.48/7.05

It should be noted that a typical analytical calculation required only a few seconds to complete, while
the fully-coupled CFD required 55 min to simulate 4.4 µs of the ejection process.
Once the lumped-element model is calibrated, it can be used for parametric analysis of ejector
performance. We compare analytical and CFD predictions of the flow rate through the orifice, piston
displacement, and ejected volume (0 ≤ t ≤ τ) for a 140 µm piston with an initial position 3.5 µm
beneath the nozzle. As shown in Fig. 3, the analytical model tends to over predict the orifice flow rate
and the piston displacement during the initial stage of ejection, and under predict these variables
during the latter stage. A CFD analysis of drop ejection for a 140 µm piston with h0 = 3.5 µm is shown
in Fig. 4. The final ejected drop volumes and velocities from the CFD analysis are given in Table 2.
Only the primary drop volumes are recorded, i.e. satellite drops are not included.

Fig. 3. Comparison of analysis: (a) volume flow rate; (b) piston displacement; and (c) ejected volume.
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Fig. 4. CFD simulation of drop ejection: (a) t = 4.4 µs, (b) t = 10 µs, and (c) t = 20 µs.

Table 2. CFD analysis: drop volumes and velocities.
Drop Volume (pl)/DropVelocity (m/s)
Rp (µm)
50
60
70
h0 (µm)
3.5
3.0/0.86
3.7/2.0
3.13/4.40
4.0
3.56/2.1
4.78/3.24
3.78/5.54
4.5
4.0/3.12
4.95/3.8
4.35/6.6

It should be noted that the drop volumes and velocities predicted here are comparable with a similar
analysis performed using the finite-element based GOMA code developed at Sandia National
Laboratories.

4. Device Performance
Prototype ejectors as illustrated in Fig. 1 were developed and characterized at Sandia National
Laboratories. The tested devices produced picoliter-sized droplets with velocities of approximately
10 m/s at kHz repetition rates [14]. The energy required to eject a drop was on the order of 3 nJ/pl.
Several critical factors were identified for robust operation of the ejector. The most fundamental issue
involves electric breakdown of the fluid. Specifically, the E field in the fluid needs to be kept below
the breakdown value, nominally 30 V/µm for H2O at microscale dimensions. If a fixed actuation
potential is applied between the piston and the nozzle during ejection, the E field will increase as the
gap between the two decreases, which can lead to breakdown. This can circumvented using a current
source, or dynamic voltage control wherein the voltage is reduced during ejection.
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Another operational issue is electrolysis and gas bubble generation. Specifically, the applied E field
can cause electrochemical reactions at the interface between the electrodes (i.e., the piston and orifice
plate) and the liquid. This can lead to power dissipation and the production of gas bubbles. Gas
bubbles are compliant and can reduce ejection efficiency. Furthermore, cavitation can occur during
bubble nucleation and this can cause structural damage. Electrochemical reactions are reversible and
can be suppressed using a continually alternating bipolar voltage pulse [14]. Additives can also be used
to reduce electrolysis.
A third operation issue is undesired heating of the fluid. Aqueous fluids have a finite conductivity σ ,
and therefore joule heating takes place within the fluid during ejection. The heating power density
is P = σ E 2 . This heating can degrade the fluid or ink, and additives may be used to suppress it.

5. Conclusions
We have studied the operation of a MEMS squeeze-film dominated electrostatic drop ejector.
Prototype ejectors that are capable of producing picoliter-sized droplets at kHz repetition rates have
been developed at Sandia National Laboratories. We have discussed the fundamental physics
governing drop ejection and presented a lumped-element model for estimating device performance.
The model needs to be calibrated using a limited number of fully-coupled CFD simulations in order to
provide accurate estimates of the orifice flow rate and total ejected volume. Once calibrated, the model
enables rapid parametric analysis of device performance as a function of key parameters including the
piston size, orifice diameter and initial gap beneath the nozzle. The model should be of considerable
use in the development and design of novel squeeze-film based electrostatic MEMS DOD ejectors.
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Abstract: Recently, nano devices have been developed which use Carbon Nanotubes (CNTs) as
structural elements. To define the range of applicability of CNTs in such devices, it is important to
investigate failure modes such as the axial buckling limit. Classical continuum models are inaccurate
as they are unable to account for the size-effects in such devices. In this work, a modified nonlocal
continuum shell model for the axial buckling of CNTs is proposed and compared with a nonlocal
model for torsional buckling. This is done through modifying classical continuum models by
incorporating basic concepts from nonlocal elasticity. Furthermore, molecular dynamics (MD)
simulations are performed on a range of nanotubes with different diameters. Compared to classical
models, the modified nonlocal models provide a much better fit to MD simulation results. Using MD
simulation results for axial buckling, values of the nonlocal constant and shell thickness are calculated.
Copyright © 2009 IFSA.
Keywords: Carbon nanotube, Buckling, Nonlocal elasticity, Shell, Molecular dynamics

1. Introduction
Carbon nanotubes (CNTs) have been the subject of ongoing research. These interesting nanostructures exhibit superior mechanical, electrical, thermal, magnetic and optical properties, and could
provide the means for development of novel devices at the nanoscale. Ever since their discovery, much
work has been done on the characterization and modeling of CNT properties, ranging from
experimental observations to numerical simulations. Among the different approaches, continuum
modeling is of special interest in defining the mechanical properties of CNTs. Continuum models are
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simple and efficient, however, in their classical form, they are unable to account for the size-effects
that arise due to the discrete nature of matter at the nanoscale. To overcome such problems, modified
continuum models have been proposed. One such model is based on the nonlocal elasticity theory
proposed by Eringen [1-3], which has recently been successfully used to show size effects in nanoscale
structures [4]. Using the same approach, in this paper, a modified nonlocal continuum shell model for
the buckling of carbon nanotubes is proposed to account for the size effects and provide an efficient
and accurate method for the prediction of CNT properties. The proposed shell model is validated
through comparison with results from molecular dynamics simulations, and consistent values for the
shell thickness and nonlocal elasticity constant of nanotubes are determined.

2. Nonlocal Elasticity Shell Model
In this section, the basic concepts of nonlocal elasticity as proposed by Eringen in the 1970’s [1, 2] are
briefly presented. These basic equations are used to develop a nonlocal elasticity shell model to predict
the axial buckling load of single-walled carbon nanotubes (SWCNTs).
2.1. Nonlocal Theory of Elasticity
This theory states that the stress at a reference point X in a body depends not only on the strain at point
X, but also on the strains at all other points X′ in the body [3]. The basic equations of the nonlocal
elasticity theory are [3];

σ kl ,k + ρ ( fl − u&&l ) = 0
σ kl ( x) = ∫ α ( x − x′ ,τ )σ klc ( x′)dv( x′)
V

σ klc ( x′)

= λ err ( x′)δ kl + 2 µ ekl ( x′)

(1)

1 ⎛ du ( x′) dul ( x′) ⎞
ekl ( x′) = ⎜ k
+
⎟
dxk′ ⎠
2 ⎝ dxl′
where σkl, ρ, f, ul are the stress tensor, mass density, body force density and the displacement vector at
x respectively. σckl(x′) is the classical stress tensor at x′ which is related to the linear strain tensor ekl(x′)
at point x′ through Lame constants λ and µ. The kernel function α(|x′- x|,τ) is the nonlocal modulus and
|x′- x| is the Euclidean distance between points x′ and x, τ=e0d/l, where d is an internal characteristic
length of the system (such as the carbon-carbon bond length), l is an external characteristic length
(such as the CNT radius or the CNT length) and e0 represents Eringen’s nonlocal elasticity constant
which has to be determined for each material independently.
For a special class of physically admissible kernels, the above integro-partial differential equations of
nonlocal elasticity can be reduced to singular partial differential equations. In the case of homogenous,
isotropic elastic bodies the above equations reduce to:
(1 − e02 d 2∇ 2 )σ = C0 : ε ,

(2)

where C0 is the elastic stiffness tensor of classical (local) isotropic elasticity, σ is the nonlocal stress
tensor, ε is the strain tensor and ‘:’ denotes the inner product of tensors [5].

89

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 88-100

2.2. Modified Timoshenko Shell Model for Axial Buckling

In this approach a CNT is modeled as a thin cylindrical shell with thickness h and radius a.
A cylindrical coordinate system (r, θ, x) is used with the x axis along the centre of the cylinder
and r and θ corresponding to the radial and circumferential directions, respectively (Fig. 1).

Fig. 1. Cylindrical shell representation of a SWCNT with the coordinate system used.

The displacements in the axial, circumferential and radial directions of the shell denoted by u, v and w,
respectively are functions of only x and θ. Note that these are small displacements measured from the
compressed equilibrium state of the shell just prior to axial buckling. The non-zero strains due to axial
buckling can be expressed in terms of displacements as [6];
du
dx
1 dv w
=
−
a dθ a
1 ⎛ 1 du dv ⎞
= ⎜
− ⎟
2 ⎝ a dθ dx ⎠

ε xx =
εθθ
ε xθ

(3)

Based on equation (2), the nonlocal form of Hooke’s law for the stress-strain relations in a cylindrical
coordinate system can be expressed in the following form;

σ xx − ξ ∇ 2Rσ xx =
σ θθ − ξ ∇ 2Rσ θθ =
σ xθ − ξ ∇ 2Rσ xθ

E
1 −υ 2
E

(ε xx + υεθθ )
(εθθ + υε xx )

1−υ 2
E
=
ε xθ
1+υ

,

(4)

ξ = (e0 d ) 2

(5)

where
∇ 2R =

d2
dx

2

+

1 d2
2

a dθ

2

,

ξ is the nonlocal parameter, and E and υ are the Young’s modulus and Poisson’s ratio respectively.
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Substitution of equation (3) into equation (4) and integration over a cross-sectional element of unit
width yields:
N xx − ξ ∇ 2R N xx =

Eh ⎛ du
⎛ 1 dv w ⎞ ⎞
+υ ⎜
− ⎟⎟
2 ⎜ dx
1−υ ⎝
⎝ a dθ a ⎠ ⎠

Eh ⎛ 1 dv w
du ⎞
−
+
υ
⎜
⎟
dx ⎠
1 − υ 2 ⎝ a dθ a
Eh ⎛ 1 du dv ⎞
=
+ ⎟
⎜
2(1 + υ ) ⎝ a dθ dx ⎠

Nθθ − ξ ∇ 2R Nθθ =
N xθ − ξ ∇ 2R N xθ

⎛ d 2 w υ ⎛ d 2 w dv ⎞ ⎞
+ ⎜
+
⎜
⎟⎟
12a (1 − υ 2 ) ⎜⎝ dx 2 a 2 ⎝⎜ dθ 2 dθ ⎠⎟ ⎟⎠
⎛ d 2 w 1 ⎛ d 2 w dv ⎞ ⎞
Eh3
=−
+ ⎜
+
⎜υ
⎟⎟ ,
12a(1 − υ 2 ) ⎜⎝ dx 2 a 2 ⎜⎝ dθ 2 dθ ⎟⎠ ⎟⎠
Eh3 ⎛ dv d 2 w ⎞
=
⎜ +
⎟
12a(1 + υ ) ⎜⎝ dx dxdθ ⎟⎠

M xx − ξ ∇ 2R M xx = −
M θθ − ξ ∇ 2R M θθ
M xθ − ξ ∇ 2R M xθ

(6)

Eh3

(7)

where Nij (i, j= x, θ) is the force per unit length and Mij (i, j= x, θ) is the moment per unit length on a
cross section of the shell respectively; and h is the shell thickness (Fig. 2).

Fig. 2. Definition of forces and moments per unit length acting on a shell.

For the case of buckling of a cylindrical shell under the action of uniform axial pressure it can be
assumed that all resultant forces except Nx (resultant force acting on the shell cross-section in the axial
direction) are small. The resulting equilibrium equations of forces in the system are [6]:
a

dN xx dNθ x
+
=0
dx
dθ

dNθθ
dN
d 2v
+ a xθ + aN xx 2 − Qθ = 0 ,
dθ
dx
dx
dQ dQ
d 2w
a x + θ + aN xx 2 + Nθθ = 0
dx
dθ
dx

(8)

where Qi (i=x, θ) denotes the shearing forces acting in the radial direction (Fig. 2). Equilibrium
equations for the moments acting on the shell are [6]:
91

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 88-100

dM xθ dM θθ
−
+ aQθ = 0
dx
dθ
dM xx dM θ x
−
− aQx = 0
a
dx
dθ
a

(9)

Combining equations (8) and (9) the three equations of equilibrium for an axially compressed
cylindrical shell are [6]:
a

dN xx dNθ x
+
=0
dx
dθ

dNθθ
dN
d 2v dM xθ dMθθ
+ a xθ + aN xx 2 +
−
=0
dθ
dx
dx
adθ
dx
a

d 2 M xx
dx 2

+

d 2 M θθ
dθ 2

(10)

d 2 Mθ x
d 2 M xθ
d 2w
+
+ aN xx 2 + Nθθ −
=0
dxdθ
dxdθ
dx

Applying the (1-ξ ∇ 2R ) operator on equation (10) and use of equations (6) and (7) yields the following
modified governing differential equations for the axial buckling of a cylindrical shell;
d 2u

1
1
d 2u
d 2v υ dw
+ (1 − υ ) 2 2 + (1 + υ )
−
=0
2a
dxdθ a dx
dx 2 2
a dθ

(11.a)

⎛ d 2v
1
d 2u 1
d 2v d 2v
dw
d 2v
d 3w
d 3w ⎞
+ a (1 − υ ) 2 +
−
+
+
−
+
+
α
υ
1
a
a
(1 + υ )
(
)
⎜
⎟
⎜ adθ 2
2
dxdθ 2
dx
adθ 2 adθ
dx 2
dx 2 dθ adθ 3 ⎟⎠
⎝
⎛ d 2v ⎞
⎛ d 4v 1 d 4v ⎞
− aφ ⎜ 2 ⎟ + aφξ ⎜ 4 + 2 2 2 ⎟ = 0
⎜ dx ⎟
⎜ dx
a dx dθ ⎟⎠
⎝
⎠
⎝

υ

⎛ d 4w
du dv w
d 4w
d 4w
d 3v
d 3v ⎞
a
2
υ
+
− − α ⎜ a 3 4 + 2a 2 2 +
+
−
−
(
) 2
⎟
⎜ dx
dx adθ a
dx dθ
adθ 4
dx dθ adθ 3 ⎟⎠
⎝
⎛ d 2w
− aφ ⎜
⎜ dxdθ
⎝

⎞
⎛ d 4w 1 d 4w ⎞
⎟⎟ + aφξ ⎜⎜ 4 + 2 2 2 ⎟⎟ = 0
a dx dθ ⎠
⎠
⎝ dx

,

(11.b)

(11.c)

where

N xx (1 − υ 2 )
h2
, α=
φ=
Eh
12a 2

(12)

For the general case of the axial buckling of a cylindrical shell with length l and radius a, the buckling
displacements are of the following form [6];

mπ x
l
mπ x
v = B cos nθ sin
l

u = A sin nθ cos

(13)
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w = C sin nθ sin

mπ x
,
l

where m is the number of half waves along the cylinder axis and n is the number of waves in the
circumferential direction.
It is important to note here that for n=0 symmetrical buckling occurs which coincides with radial
expansion and compression of the tube. For n=1 the cross-section of the tube remains circular and the
tube buckles as a strut [42]. None of these modes are of interest to the current work and from here on,
only the shell-type axial buckling mode-shapes with n>1 are considered. Substitution of equations (13)
into the modified governing differential equations (11) and solution of the resulting eigenvalue
problem yields the following relation for the modified critical axial buckling load of a cylindrical shell:
2π Eh 2

FcrNT = σ cr .2π ah =

n2 − 1
2
3(1 − υ 2 ) n + 1
1 + e02

.

d2 2
(λ + n 2 )
2
a

,

(14)

where λ=mπa/l. The non-dimensional form of the critical buckling load is
n2 − 1
2
3(1 − υ 2 ) n + 1
2π

FcrNT =

FcrNT
Eh

2

=

1 + e02

.

2

d
(λ 2 + n 2 )
2
a

(15)

For comparison the classical Timoshenko relations for the critical axial buckling load and its nondimensional form are [6]:
FcrT =

FcrT
Eh 2

=

2π

.

n2 − 1

2
3(1 − υ 2 ) n + 1

(16)

Therefore,
FcrT
FcrNT

=

FcrT

= 1 + e02
NT
Fcr

d2
a

2

(λ 2 + n 2 )

(17)

Comparison of equations (15) and (16) clearly shows that the former is size-dependant. This sizedependency is further explained in the next section. Equations (14) and (15) are based on the critical
axial buckling wavelength calculated as [6]:

λ2 =

hn 2 (n 2 − 1)
2a 3(1 − υ 2 )

(18)

It is interesting to compare the nonlocal buckling loads for axial buckling derived here with the
nonlocal buckling torque for the case of torsional buckling derived previously by the authors [7]. For a
single-walled carbon nanotube the nonlocal Timoshenko model for the buckling torque is [7]
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π 2
M crNT

3

M crNT

3(1 − υ 2 ) 4
=
=
2
E ah5 1 + e2 d (λ 2 + n 2 )
0 2
a

(19)

and the non-dimensional form of the buckling torque corresponding to the classical thin shell model
based on ideal elasticity is [6]
T
M cr
=

T
M cr

E ah5

=

π 2
3(1 − υ 2 )

3

(20)

4

Therefore,
T
M cr

M crNT

=

T
M cr

M crNT

d2

= 1 + e02

a

2

(λ 2 + n 2 )

(21)

It is important to note that for the case of torsional buckling λ2 is small compared to n2 and is
sometimes omitted from equations (19) to (21). The results of equations (19) to (21) are based on the
following critical buckling wavelength (λcr) given by Timoshenko and Gere [6]:

λcr =

2h

(22)

a (1 − υ 2 )

2.3. Size-dependency of Nonlocal Models

Looking back at the classical relations for buckling loads shown in equations (16) and (20) it is easily
seen that the non-dimensional form of these buckling loads is independent of size. In other words,
regardless of the geometric dimensions and aspect ratios of a cylindrical shell, classical models always
predict the same value for the non-dimensional buckling load. In contrast, looking at the nonlocal
forms of buckling loads derived in equations (15) and (19) it is easily seen that the non-dimensional
form of these buckling loads is size-dependent. This is due to the presence of geometric ratios in the
denominators of the aforementioned equations. As an example the denominator of equation (15) is
analyzed here:
1 + e02

d2
a2

2

2

(λ + n )

⎛

⎛d
= 1 + e02 ⎜ n 2 ⎜
⎜
⎝

2

⎞
2 2⎛d ⎞
⎟ +m π ⎜ ⎟
⎝a⎠
⎝l⎠

2⎞

⎟
⎟
⎠

(23)

The magnitude of the expression of equation (23) depends on the value of two geometric ratios,
d/a and d/l, where d is the inter-atomic distance or the C-C bond length and a and l are the radius and
length of the CNT, respectively. Since d is constant or almost constant for all CNTs
(d ≈ 1.41 angstroms), based on their respective length and diameter, different CNTs will have different
d/a and d/l ratios and thus different non-dimensional buckling loads. As the lengths and diameters of
CNTs become smaller and comparable to the inter-atomic distance d, the d/a and d/l ratios become
larger and have a greater impact on the magnitude of equation (23). This is how nonlocal models are
able to account for size-effects. The magnitude of the expression of equation (23) also depends on:
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- The buckling mode-shape through the values of m (longitudinal half-wave number)
and n (circumferential wave-number). As wave-numbers increase, the corresponding wavelengths
decrease and become comparable to the inter-atomic distance d.
- The value of the nonlocal elasticity constant e0, which has to be determined for each material
independently.
Fig. 3, which is based on equations (17) and (21) gives a comparison of classical and nonlocal
buckling loads for different values of the nonlocal constant e0. It is seen that the value of the nonlocal
constant can significantly affect the buckling loads predicted by the nonlocal models. The difference
between classical and nonlocal models is significant for CNTs with small diameters, but this difference
becomes negligible at larger diameters where the nonlocal and classical models converge.

Classical Buckling Load / Nonlocal Buckling Load

Based on the above observations it is important to know the buckling mode-shape (values of m and n)
and the correct value of the nonlocal elasticity constant e0 in order to assess the size-effects on
buckling loads. This task is undertaken in the next section where MD simulations are used in
conjunction with classical and nonlocal models to calculate the values of the aforementioned
parameters.

e0=0.8
e =0.6

1.6

0

e =0.4
0

1.5

e =0
0

1.4
1.3
1.2
1.1
1
0.9
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4

6
8
10
CNT Radius (Angstrom)

12

14

Fig. 3. Comparison of classical and nonlocal buckling loads (equations 17 & 21) for different values
of the nonlocal constant e0 (λ=0.5 and n=2 have been used).

3. Determination of the Nonlocal Constant
It is interesting to compare the nonlocal models derived here with classical models to see if a
substantial improvement is achieved in the prediction of CNT buckling loads. Ideally, it is best to
compare the axial buckling models with experimental results; however, currently no such experimental
results have been reported for SWCNTs. Thus, molecular dynamics is used to simulate the axial
buckling of SWCNTs and extract the corresponding buckling loads. Optimized values of shell
thickness and nonlocal constant for the axial buckling of CNTs are found and compared with the
values previously obtained for torsional buckling of CNTs [7].
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3.1. MD Simulation of CNT Axial Buckling

Quasi-static molecular dynamics is used to simulate the shell-type axial buckling (n >1) of several
armchair nanotubes. The axial strain is simulated by changing the coordinates of carbon atoms to a
compressively strained state (Fig. 4). These new coordinates are then input into the molecular
dynamics simulator and the positions of the atoms at both ends of the CNT are fixed to simulate pinedpined boundary conditions. The CNT is then allowed to relax to an equilibrium configuration under the
predefined axial strain. The number of relaxation steps required to reach equilibrium depends on the
number of atoms in the system and the applied strain. For each carbon nanotube the above simulation
is performed for different compressive axial strains, and it is seen that above a certain value of strain,
which is identified as the critical strain for axial buckling, the nanotube collapses into a buckled modeshape when allowed to relax for a sufficient amount of time (Fig. 5).
10 nm

Axial compressive strain is induced

9.6 nm
Fig. 4. A compressive axial strain of 0.04 is induced in a (10, 10) armchair CNT by changing the coordinates
of carbon atoms (atoms at both ends of CNT shown in dark color are fixed).

Fig. 5. Different instances of relaxation of a (10, 10) armchair nanotube under an axial compressive strain
of 0.04. (a) simulation start; (b) after relaxation for 19250 time-steps; (c) after relaxation
for 20250 time-steps; (d) after relaxation for 30000 time-steps.
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First, the axial buckling mode-shape calculated with molecular dynamics is compared with the
buckling mode-shape of equations (10) and (15) to see if it is correct. As an example, based on
equation (15), a (10, 10) armchair nanotube with radius a=6.7 angstroms and length l=163.7 angstroms
should have a buckling mode-shape with circumferential wave number n=2 and a longitudinal wave
number of m/2=2.6. The buckled mode shape of a (10, 10) armchair nanotube at critical strain (0.035)
simulated using molecular dynamics is shown in Fig. 6. It is evident that there are two circumferential
wavelengths in the transverse direction so that n=2. The number of longitudinal waves can also be
counted with a visual inspection of Fig. 6 and is close to m/2=2.6 as predicted by the analytical
solution.
The progression of the potential energy U of the system with strain ε (Fig. 7) is used to find the
compressional stiffness and values of surface Young’s modulus. These parameters are needed for use
in equations (12) and (13). The surface Young’s modulus is found through the following relation:
1 d 2U
Eh =
2π al d ε 2

(24)

Fig. 6. Axial buckling mode-shape of (10, 10) armchair nanotube at critical strain.

Buckling

Fig. 7. Progression of potential energy with axial buckling strain of a (10, 10) armchair nanotube.
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The critical axial buckling strains and the corresponding critical loads along with the surface Young’s
moduli of several armchair nanotubes obtained from MD simulations are presented in Table 1.
Table 1. Properties and critical forces and strains of several armchair CNTs.
Chiral Indices

Diam.(Ǻ) Length L (Ǻ) L / Diam

E.h (GPa nm)

Fcr (N.m)

ε cr

λ cr

(6,6)

8.0

98.21

12.28

323.31

5.68E-08

0.047

0.84

(8,8)

10.7

131.00

12.24

307.93

5.41E-08

0.039

0.72

(10,10)

13.4

163.66

12.21

301.90

5.31E-08

0.035

0.65

(12,12)

16.1

165.00

10.25

299.56

5.26E-08

0.029

0.59

(14,14)

18.8

142.86

7.58

298.03

5.24E-08

0.027

0.54

(16,16)

21.5

160.00

7.44

296.10

5.20E-08

0.024

0.51

(20,20)

26.9

203.84

7.57

295.84

5.20E-08

0.020

0.46

3.4. Values of the Nonlocal Constant and Shell Thickness

A least-squares optimization is performed to calculate the values of parameters to be used in the
nonlocal and classical models. The shell thickness h is the optimization variable for the classical case
and both shell thickness h and nonlocal constant e0 are optimization variables for the nonlocal model.
The values obtained for these parameters are shown in Table 2.
Table 2. Values of shell thickness (h) and nonlocal constant (e0).
h(Ǻ)
Classical Timoshenko

0.66

Nonlocal Timoshenko

0.81

e0

Residual Norm (nN2)
196.27

0.94

6.66

Looking at the nonlocal model, the optimized values for shell thickness derived from the axial
buckling simulations are consistent with the thickness of 0.85 angstroms derived for torsional buckling
in the previous work [7] while this is not true for the classical model. The value of the nonlocal
elasticity constant derived here is marginally larger than the 0.85 value derived for torsional buckling
[7] and the 0.82 value derived by studying the beam type axial buckling of CNTs [8]; however it is
within the same range (<15 %). This difference could be attributed to the different deformation fields
of the axial and torsional buckling problems, as well as to errors that exist in the numerical
simulations.
The results from MD simulations, classical and nonlocal models are compared in Fig. 8. It is seen that
for smaller CNTs, the classical model is unable to show the correct trend in critical axial buckling load
with change in diameter (Fig. 8(a)) while the nonlocal shell model shows much better agreement with
the molecular dynamics simulation results (Fig. 8 (b)).
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(a)

(b)

Fig. 8. Comparison of axial buckling loads from (a) classical and (b) nonlocal shell model with MD results
for several armchair CNTs based on properties given in Table 2.

The best match between MD simulations and nonlocal formulations is achieved for a nonlocal constant
value of e0=0.94. Interestingly, for CNTs with small radii (less than 1.5 nm) the classical model
predicts axial buckling loads that decrease with the increase in CNT radius (Fig. 8 (a)), while the
nonlocal model predicts axial buckling loads that increase with the increase in CNT radius (Fig. 8 (b)),
which is the behavior shown by the molecular dynamics simulation results. As seen from Fig. 8 (b), for
CNTs with larger radii (larger than 1.4 nm), if used with a shell thickness of h=0.8 Å, the classical
model can predict the MD axial buckling loads with good accuracy (the error is less than 5 %).

4. Conclusions
It is found that compared to classical elastic shell models, the modified nonlocal elastic shell model
provides a much better fit to MD simulation results (Fig. 8) of axial buckling of SWCNTs. For CNTs
with small radii, classical models are unable to show the correct trend in buckling load with the change
in CNT radius. This is due to ignoring the size effects. Based on the current study, a global thickness
of 0.081 nm for CNTs subject to axial compression is proposed. Value of the nonlocal constant is
calculated as 0.94 for axial buckling. Through comparison of classical and nonlocal elasticity models it
is concluded that classical approaches overestimate the critical axial buckling loads of CNTs and the
error is more significant for CNTs with smaller diameters. For CNTs with large diameters (several
nanometers or more), size effects are insignificant and both the classical and nonlocal models predict
the same values for the axial buckling load.
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Abstract: We present an online tool that combines distributed and lumped analyses to simulate a
microscale electro-thermo-mechanical actuator. Users may configure and run simulations over the web
at nanoHUB.org with remote computation. Compared to pure distributed analysis, our hybrid analysis
is nearly as accurate, within 0.5 %. Our tool uses distributed analysis to simulate the electro-thermal
domain, and then uses the average temperature with lumped analysis to simulate the thermomechanical domain. Our tool compares favorably to experiment when considering the uncertainties in
geometries and material properties. Last, we present our tool’s web interface. Copyright © 2009 IFSA.
Keywords: Online tool, Electro-thermo-mechanical, Modeling, Simulation, Thermal actuator

1. Introduction
In this paper, we present a first online simulation tool for simulating microscale electro-thermal
actuators (ETA). Compared to conventional tools for simulating microelectromechanical systems
(MEMS) in general [1-4], online simulation greatly extends the accessibility of exploring what-if
scenarios to a larger number of individuals and organizations. In particular, remote computation allows
users to explore designs that require more memory and computational speed than their local machines
can handle. However, it is beneficial to create computationally-efficient models for remotely computed
simulations in order to further reduce the time to obtain solutions. This is especially true for advanced
MEMS that comprise a large number of components. Increased productivity is a key benefit of
computationally efficient models for design optimization and exploring what-if scenarios.
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There are several actuation mechanisms, such as electro-thermal, electrostatic, and piezo-electric
actuation mechanisms, are commonly used in MEMS [5]. Compared to electrostatic actuation, electrothermal actuation provides a larger output force per given voltage input. For example, hundreds of
µ N / V for an electro-thermal actuator versus hundredths of µ N / V for an electrostatic actuator have
been reported (e.g. [6] and [7]). Compared to piezo-electric actuators that usually require the formation
of composite structures [5], ETAs usually require a single structural layer and therefore an easier
fabrication process [6]. However, ETAs usually require more power than the other types of actuators
because of heat dissipation. The other actuation mechanisms are expected to be available online in the
near future. The ETA is presented in this paper.
There are two popular ETAs, the U-shaped and the V-shaped. The mechanism behind a U-shaped ETA
is that one side of a U-shaped structure experiences more thermal expansion than the other side, which
results in a lateral deflection [8-9]. The mechanism behind a V-shaped ETA is that a slightly bent
flexure experiences thermal expansion that produces a preferential buckling effect [6, 10]. This
thermal expansion is caused by Joule heating due to electric current within the ETAs.
Simulation tools are useful for exploring what-if scenarios. For example, our online tool allows users
to explore temperature and displacement as functions of current or geometry. Knowing the temperature
distribution provides useful information of the ETA’s thermal behavior. For example, one application
of a V-shaped ETA is shown in Fig. 1 [11]. During the development of this device, the designers
sought to minimize heat transfer to the test sample (ultrathin films or nanowires) by calculating the
temperature distribution about the ETA within different test bed designs. Knowing displacement
output provides useful design information to ETA’s micro-engine applications. For example, designs
of both in-plane linear and rotary ETA micro-engines [12] and out-of-plane micro-mirror ETA microengine [13] are optimized based on their displacement outputs.

Fig. 1. Scanning electron microscope image of a device used to measure the stress-strain nano-mechanical
properties of the ultrathin films or nanowires [11]. The purpose of the V-shaped ETA is to apply an axial
displacement of the test sample. The purpose of the U-shaped flexures and capacitive sensor are to determine
force and displacement of the ultrathin films or nanowires.

Methods used to model ETAs include analytical, lumped, and distributed analyses; for example,
Huang [14], Todd [15], and Mankame [16], respectively. Huang’s analytical model finds the steadystate temperature distribution and displacement but the model does not include the radiation effect and
temperature-dependent properties such as the thermal conductivities of air and structure. Todd’s
lumped model determines displacement given an average temperature, but does not include the
temperature dependent properties. It was found that the thermal-dependent properties of structure and
the surrounding air are significant [17-18], as well as the radiation effect at high temperatures [16].
Our present model includes all of these temperature-dependent parameters. However, although these
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phenomena have been modeled before (e.g. in [16]), we extend this modeling capability with increased
computational efficiency, accessibility, and ease of use. We improve computational efficiency by
using computationally-expensive distributed analysis for modeling the electro-thermal phenomenon,
and use computationally-efficient lumped analysis for modeling the thermo-mechanical phenomenon.
We improve the accessibility of the model by creating freely-available online tool for configuring and
simulating ETAs. And we improve the ease of use of the model by creating a simple, parameterized
ETA element that can be configured with other lumped MEMS elements.
In this paper, we present an updated version of our online tool that was recently presented in [19]. Our
previous online tool (version 0.1) only modeled the thermo-mechanical domain, where the user was
required to directly input the temperature of the ETA to compute its displacement. In the present
version 0.2, our online tool models the electro-thermo-mechanical domain, where user is required to
input the electrical current of the ETA to compute its temperature distribution and displacement.
Temperature distribution due to Joule heating is obtained by using a finite different method (FDM).
Average temperature across the beam is used in a lumped model to find displacement output. To code
our tool we used MATLAB [20] and to create its graphical user interface (GUI) on the nanoHUB [21]
we used the RAPPTURE (Rapid Application Infrastructure) toolkit [22]. The reasons for using the
nanoHUB’s RAPPTURE are as follows. First, MATLAB can be seamlessly integrated with
RAPPTURE as a sub-function. The sub-function takes user-defined parameter values stored in
RAPPTURE library as inputs, finds the solutions such as temperature distribution and displacement,
and returns the solutions to RAPPTURE for visual output. Second, RAPPTURE provides several
useful GUI features such as hierarchical tabs that can be used to categorize various input parameters.
Simulations remotely run over the clusters located at Purdue University so that the computational
memory requirement for users’ local computers is minimal.
We organized the paper as follows. In Section 2, we present the details of our hybrid algorithm for
both electro-thermal and thermo-mechanical domains. In Section 3, we apply our hybrid algorithm to a
test case, a V-shaped ETA, and we compare the results with our finite element analysis (FEA) and
Lott’s experimental data [23]. In Section 4, we present the nanoHUB web interface of our tool. And in
Section 5, we summarize our effort and discuss near-term future directions.

2. Hybrid Algorithm
In this section, we describe how our hybrid algorithm that couples distributed and lumped analyses to
model an electro-thermal actuator (ETA). We first describe the elementary concepts behind the
electro-thermal actuator; we describe the process flow of our hybrid algorithm; and then we provide
the mathematical details of our distributed and lumped analyses.
The elementary concepts of an ETA are exemplified in Fig. 2. Electric current passing through a
flexure causes Joule heating, which causes thermal expansion. Since the Joule heating is distributed
along the length of the flexure, we model the electro-thermal domain using a distributed method. The
distributed method that we use is an explicit finite difference method (FDM) [24] due to its easy
implementation. Since the thermal expansion amounts to a small and approximately linear deflection,
we use the average temperature along the length of the flexure to determine the resulting axial forces
in our lumped analysis. For lumped analysis we chose to use modified nodal analysis (MNA) [25-26]
due to its immediate availability to us.
The process flow of our hybrid algorithm is depicted in Fig. 3. In the electro-thermal domain we apply
a constant current across the beam to determine the resulting temperature distribution along the beam
by using FDM. In the FDM, both space and time domains are discretized. Energy conservation is
applied to each spatial element within a time step. In the thermal-mechanical domain we employ the
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average temperature to quickly determine the resulting thermal expansion along the beam by using
MNA. Although thermal expansion changes the geometry of the beam, the simulation in the electrothermal domain does not iterated based on the new geometry at each time step. We assume that the
small deflection (e.g. 10 % of the initial beam length) does not change the values of the properties used
in electro-thermal domain. Thermal properties (e.g. thermal conductivity) do not strongly depend on
the geometric shape. Geometric properties (e.g. cross sectional area, bottom area facing the substrate
and volume of each spatial element) are not greatly affected by the small deflection. Last, we neglect
the variation of the electrical property (e.g. resistivity) with respect to the geometric change due to the
small deflection assumption. The details of our algorithm are as follows.

Fig. 2. (a) Initial status of the beam ( T : the initial temperature along the beam, and L : the initial length of the
beam); (b) Various quantities in electro-thermal and thermo-mechanical domains ( I : the constant current,
∆T ( x) : the distributed temperature increase due to Joule heating, and ∆L : the amount of thermal expansion of
the beam due to the temperature increase).

Fig. 3. Flow chart of our hybrid algorithm. A finite difference method (FDM) is used to determine the
temperature due to an electrical current, and the average of that temperature is used in our modified nodal
analysis (MNA) to find the displacement of an electro-thermal actuator (ETA).

2.1. Distributed Analysis in Electro-thermal Domain

We use FDM for our distributed analysis in the electro-thermal domain. One-dimensional heat
conduction in axial direction, shown in Fig. 4(a), is assumed because axial dimension is much larger
than the off-axial dimensions. In this paper we use superscript and subscript to count time step and
spatial element, respectively. For example, the temperature of the i th element at the j th time step is
denoted as Ti j .
Due to the energy conservation for each spatial element at each time step, the net rate of the heat
transfer should be equal to the storage rate of the thermal energy. For the i th element at the j th time
step, the relationship of the energy conservation is expressed as
qij ( gen) + q(ji −1),i (cond ) − qij,(i +1) (cond ) − qij, sub (cond ) − qij ( rad ) = qij ( store) ,

(1)

where qij ( gen) is the rate of the heat generation due to Joule heating effect, q(ji −1),i (cond ) and
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qij,(i +1) (cond ) are the rates of the heat conduction of the i th element from the (i − 1)th element and to the
(i + 1)th element along the beam, qij, sub (cond ) is the rate of the heat conduction from the beam to the
substrate through the air gap, qij ( rad ) is the rate of the radiation to the surroundings, and qij ( store) is
the rate of the thermal energy storage. The free convection effect has been found to be insignificant in
[27] so we neglect it in our present model. All these terms, except the rate of the thermal energy
storage of the i th element, are illustrated in Fig. 4(b), where the arrows indicate the assumed positive
directions. Each of these terms can be determined as follows.
Rate of heat generation. The rate of the heat generation of the i th element at the j th time step can be
calculated by
qij ( gen) = J i 2 ρ r (Ti j −1 )∆Vi ,

(2)

where J i is the current density of the i th element, ρ r (Ti j −1 ) is the electrical resistivity determined by
the temperature of the element at previous time step, and ∆Vi is the volume of the i th element.
Rate of heat conduction between the adjacent elements. The rate of the heat conduction from the
(i − 1)th element to the i th element can be calculated by
j
( i −1),i

q

(cond ) =

k p (Ti j −1 ) Ax
∆x

(Ti −j1−1 − Ti j −1 )

(3)

Similarly, the rate of the heat conduction from the i th element to the (i + 1)th element can be calculated
by
j
i ,( i +1)

q

(cond ) =

k p (Ti j −1 ) Ax
∆x

(Ti j −1 − Ti +j1−1 ) ,

(4)

where k p (Ti j −1 ) is thermal conductivity determined by Ti j −1 , Ax is the area of the cross-sectional
surface normal to the axial direction, and ∆x is the length of the i th element as shown in Fig. 4(c).
Rate of heat conduction to the substrate. Although one-dimensional heat conduction in axial direction
is assumed, heat conduction to the substrate can be modeled by thermal resistance model [24]. The rate
of the heat conduction to the substrate can be calculated by
qij, sub (cond ) =

SAu j −1
(Ti − Tsub ) ,
Rt

(5)

where Au is the area of the surface facing the substrate as shown in Fig. 4(c), Tsub is the temperature of
the bottom boundary of the substrate, S is the shape factor [27] accounts for the heat conduction from
the vertical boundaries of the i th element to the substrate. Rt is the thermal resistance along the heat
conduction path, where Rt = hair / kair + hsub / k sub or Rt = hanchor / kanchor + hsub / k sub for the released part
or the anchored part in Fig. 4(a), respectively. h and k are the thickness and the thermal conductivity
of each different component.
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Fig. 4. (a) Schematic of an electro-thermo-mechanical beam anchored on substrate; (b) Heat transfer terms
of the ith element except energy storage term; (c) Geometric notations used in the formulas on the ith element.

Rate of radiation to the surroundings. The rate of the radiation to the surroundings can be calculated
by
4
qij (rad ) = εσ As [(Ti j −1 ) 4 − Tsur
],

(6)

where Tsur is the surrounding temperature, ε is the emissivity of the material, and σ is the StephanBoltzmann constant.
Storage rate of thermal energy. The storage rate of the thermal energy can be calculated by
qij ( storage) =

ρ c p ∆Vi j
[Ti − Ti j −1 ] ,
∆t

(7)

where ρ and c p are the density and the specific heat of the material, and ∆t is the step size of the time.
By substituting Eq. 2 – 7 into Eq. 1, the temperature of the i th element at the j th time step (i.e. Ti j ),
can be calculated as
j −1

Ti = Ti
j

j −1

k p (Ti ) Ax j −1
∆t
{J i 2 ρ r (Ti j −1 )∆Vi +
(Ti −1 + Ti +j1−1 − 2Ti j −1 ) +
+
ρ c p ∆Vi
∆x

SAu
4
(Tsub − Ti j −1 ) + εσ As [Tsur
− (Ti j −1 ) 4 ]}
Rt

(8)

As shown in Eq. 8, the temperature of any elements, except the first and the last ones, at the j th ( j ≠ 1)
time step can be explicitly calculated from the temperatures of the adjacent elements and itself at
previous time step (i.e. Ti −j1−1 , Ti +j1−1 , Ti j −1 ). The temperatures of the first and the last elements are given
as boundary conditions. The temperature of the entire flexure at the 1st time step is given as an initial
condition. Therefore, the temperature distribution at each time step can be obtained with known initial
condition (e.g. Ti1 ), boundary conditions (e.g. Tsub , Tsur , T1 j , Tlastj ), and the values of other physical
parameters shown in Eq. 8.
The accuracy of the FDM can be improved by decreasing the values of ∆x and ∆t . However, the
computational time increases by doing so due to the increased number of elements and time steps. The
choice of ∆x is typically based on a compromise between accuracy and computational requirements.
Once this selection has been made, however, the value of ∆t may not be chosen independently. It is,
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instead, determined by stability requirements. An undesirable feature of the explicit FDM is that it is
not unconditionally stable. That is, the temperature does not approach the steady-state value
continuously with the time. Instead, the temperature may be characterized by numerically induced
oscillations, which are physically impossible [24]. In our tool, the oscillation of the temperature at each
element is constantly monitored for each time step. The algorithm will be immediately terminated if
the oscillation happens and an error message will be shown. Decreasing the time step size could solve
this problem, but more computational time is required.

2.2. Lumped Analysis in Thermo-mechanical Domain

We use lumped analysis to model the thermo-mechanical domain. In our lumped analysis, only the two
nodes as the ends of the flexures account for force and displacement based on the average flexure
temperature. Under small deflection assumption, the end node deflection due to an average
temperature yields the same deflection as that due to a temperature distribution, but without the added
computation. When compared to finite element analysis with nonlinear elements, the relative error
between the two methods is about 1.14% as shown in Fig. 5. We use COMSOL [2] for our finite
element analysis comparison with constant temperatures defined at two boundaries ( T1 and T2 ). Mesh
convergence test is performed, and the expansion result remains the same when the number of
elements increases from 207 to 4600. To save computational time, our FEA model has 207 elements
with 1882 degrees of freedom (DOF). We use SUGAR [26] for the lumped analysis with the average
temperature as the input ( Tave = (T1 + T2 ) / 2 ). The model has 6 DOF because there are two nodes, each
of which has 3 DOF, at two ends of the cantilever.

Fig. 5. Distributed versus lumped thermal expansion: (a) Distributed simulated using COMSOL [2];
(b) Lumped analysis using SUGAR [26]. Lumped analysis is over 200 times faster than distributed analysis,
with 1 % error. Lumped analysis provides distributed temperature information along the length x=0..L of the
structure.

Because off-axial strains do not significantly contribute to the actuation, our lumped analysis model
only considers axial strain. The magnitude of the equivalent external force due to thermal expansion is
shown in Eq. 9 can be found from Hooke’s Law, F = Kx , where the axial stiffness of the beam is
K = Ax E / L [28] and the axial expansion due to temperature increase is Lα (Tsur − T0 ) . Hence, the
lumped force on the flexure that produces the equivalent thermal expansion is
F = Ax Eα (Tave − Ti1 ) ,

(9)

where Ax is the cross sectional area of the flexure, E and α are the Young’s modulus and coefficient
of thermal expansion. Tave is the average temperature across the beam found in electro-thermal
domain. It can be calculated by

∑ (T
i

i

j

× ∆xi ) / ∑ i ∆xi . And Ti1 is the initial temperature across the

flexure. The force is applied at the end nodes of the flexure in the axial direction. Since our nodal
analysis model is a linear deflection model, it does not model buckling when both end nodes are fixed.
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In the next section we use our hybrid algorithm discussed in this section to simulate a V-shaped ETA.
The temperature distribution as well as the displacement output will be compared to those obtained by
our FEA and Lott’s experimental results [23].

3. Test Case: V-shaped ETA
For a test case, we apply our hybrid algorithm to a V-shaped ETA. We first describe the theory and the
modeling assumptions of the actuator. We then discuss the temperature distribution and displacement
results by comparing our hybrid algorithm to FEA and experiment.

3.1. Working Theory of the V-shaped ETA

In Fig. 6 we show the V-shaped ETA developed by [23] along with an exaggerated schematic and a
simulated subcomponent. The symmetric device comprises a central shuttle supported by a set of
thermally actuated beams that are anchored to the substrate. By applying constant current across the
device, the temperature of the device increases due to Joule heating. As the flexures lengthen due to
thermal expansion, the shuttle deflects in the positive y-direction.

Fig. 6. (a) Scanning electron microscope image of the ETA [23]. A subcomponent is identified within the
dashed box. (b) An isolated subcomponent under investigation. The initial offset exaggerated for clarity.

3.2. Modeling Assumptions

For simplicity, we model a subcomponent of the ETA (see Fig. 6 (b)). The device is fabricated using
the MEMSCAP polyMUMPs process [29]. The top and sectional views are shown in Fig. 7
(The build-in offset depicted in Fig. 6 (b) is 3 µ m for the modeled device, but is not shown in Fig. 7).
The modeling assumptions in electrical, thermal and mechanical domains are discussed below and
summarized in Table 1.
In the electrical domain, the linear relationship, as shown in Table 1(a), between the electrical
resistivity and the temperature change for polysilicon is used [30].
In the thermal domain, we assume that the modeled device is at 20 0C initially. We also assume that
the surrounding air and the bottom boundary of the substrate remain constant at 20 0C. The analytical
formula of the temperature-dependent thermal conductivity of polysilicon [31] is shown in Table 1 (c).
The valid temperature range for this formula is from 20 0C to 600 0C. The analytical formula of the
temperature-dependent thermal conductivity of air, Table 1(f), is obtained by curve-fitting the data
ranging from 20 0C to 600 0C in [32] with a 3rd-order polynomial. Constant specific heat for
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polysilicon is assumed in our model.

Fig. 7. Top and cross sectional views of the modeled device using geometry defined by the MEMSCAP
polyMUMPS process. The dimensions are given as: L=250 µm, L2=100 µm, L3=60 µm, w=3 µm, w2=30 µm,
w3=30 µm, h=3.5 µm, h2=0.6 µm, h3=500 µm, g=2 µm.

Table 1. The values and analytical formulas of the electrical, thermal and mechanical properties.
Index
a

b
c

d
e
f
g
h
i
j
k

l

Description
Resistivity

Emissivity of
polysilicon
Thermal conductivity
of polysilicon
Thermal conductivity
of polysilicon
(constant)
Specific heat for
polysilicon
Thermal conductivity
of air
Thermal conductivity
of air (constant)
Thermal conductivity
of silicon
Thermal conductivity
of silicon dioxide
Thermal conductivity
of silicon nitride
Thermal expansion
coefficient of
polysilicon
Thermal expansion
coefficient of
polysilicon (constant)

Value or Formula
3.4 × 10−5 [1 + 1.25 × 10−3 (T − 20)]

Units
Ω·m

Ref.
[30]

0.6

unitless

[23]

W/(m·C)

[31]

32

W/(m·C)

[31]

705

J/(kg·C)

[23]

W/(m·C)

[32]

0.026

W/(m·C)

[32]

150

W/(m·C)

[23]

1.4

W/(m·C)

[34]

2.25

W/(m·C)

[23]

1/ C

[17]

1/ C

[17]

[( −2.2 × 10 −11 )T 3 + (9 × 10 −8 )T 2 −
(1 × 10 −5 )T + 0.014]−1

10 −11 (T + 273)3 − 5.2107 × 10 −8 (T + 273) 2
+1.0388 × 10 −4 (T + 273) − 6.7768 × 10−4

−4.2857 × 10 −12 (T + 273) 2 + 8.2286 ×
10 −9 (T + 273) + 4.4571 × 10 −7

2.5 × 10−6

In the mechanical domain, we assume that the anchors and the shuttle are rigid and do not thermally
expand. The analytical formula of the temperature-dependent coefficient of thermal expansion of
polysilicon, Table 1 (k), is obtained from the experimental data in [17] by polynomial curve-fitting.
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The valid temperature range of the formula is from 20 0C to 600 0C. The Young’s modulus and the
Poisson’s ratio of polysilicon are assumed to be 169 GPa and 0.22 based on [33].
We used the finite element analysis software COMSOL3.5a to verify the results of our hybrid
algorithm. The physical models that we used are plane stress with thermal-electric interaction for a
linear two-dimensional configuration. In the mesh convergence test, we found that the displacement
result changes -0.17 % when the mesh element increased from 1444 to 23104, but the computational
time is about 30 times longer. Therefore, we used 1444-element mesh to save computational time. We
chose the UMFPACK solver with a relative tolerance of 10−6 .
For the FDM in our hybrid algorithm, we set the element step size to be 10 µ m and the time step size
to be 0.3 µsec. We also set the relative tolerance to be 10−6 as the steady-state termination criterion.
That is, the steady-state temperature distribution is assumed to be obtained when the maximum relative
error of the temperatures between two consecutive time steps is less than this value.

3.3. Results Comparison and Discussion

Temperature distribution in air. The steady-state temperature distributions obtained by the FDM are
compared with those obtained using FEA in Fig. 8 (Group A and B). Temperatures along left half of
the device are shown because the right half is identical due to the symmetry. Because the device is
assumed to operating in air, there are four paths of heat dissipation. That is, the heat generated by Joule
heating is dissipated by (1) thermal conduction to adjacent elements; (2) thermal conduction to the
substrate through air; (3) thermal conduction to the substrate through contact pads; and (4) radiation
into the surrounding air. The average relative error between the FEA and FDM (two curves in Group
A) is -1.82 % when the thermal conductivities of both polysilicon and air are assumed to be
temperature-independent. And the average relative error (two curves in Group B) is 1.41 % when we
assume that both thermal conductivities are temperature-dependent.

Fig. 8. Steady-state temperature distribution with constant input current for both in air with 4mA constant
current (Group A and B) and in vacuum with 1.1mA constant current (Group C and D) operation along half of
the device (0 - 100 µ m : left pad; 100 - 350 µ m : left thermal flexure; 350 - 380 µ m : left half of the shuttle).
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In Fig. 8, it shows that the relative errors at the left pad and shuttle are larger than the relative errors
along the device. We think it is because the assumption of the one-dimensional heat conduction in
axial direction is not well-suited for the pad and shuttle. The off-axial dimensions of the pad and
shuttle have the same order of magnitude as their axial dimension. However, by assuming that the pad
and the shuttle are rigid in thermo-mechanical domain, the error in temperature should not propagate
into the thermo-mechanical domain. As shown in Group A and B in Fig. 8, including the temperaturedependent thermal conductivities in the model is important, because the maximum temperature with
temperature-dependent thermal conductivities is about half of the maximum temperature with constant
thermal conductivities.
Temperature distribution in vacuum. By assuming the thermal actuator is operating in vacuum
environment, the steady-state temperature distributions that we obtained by the FDM are compared
with those obtained in FEA in Fig. 8 (Group C and D). Since the device is operated in vacuum, the
heat generated by Joule heating in one element has three thermal dissipation paths: (1) thermal
conduction to its adjacent elements; (2) thermal conduction to the substrate through contact pads; (3)
radiation to the surroundings. Therefore, compared to Group A and B, the temperature increase of the
device in vacuum with 1.1 mA constant input current is almost the same as the temperature increase of
the device in air with 4 mA constant input current.
We find that the average relative error between the FEA and FDM (two curves in Group C) is -3.47 %
when the thermal conductivity of polysilicon is assumed to be temperature-independent. And the
average relative error (two curves in Group D) is 9.44 % when the thermal conductivity of polysilicon
is assumed to be temperature-dependent. The temperature distributions in Group C and D in Fig. 8 also
shows the importance of the including temperature-dependent thermal conductivity in the model. The
maximum steady-state temperature along the device with temperature-dependent thermal conductivity
is about half of the maximum temperature with constant thermal conductivity.
Shuttle displacement vs. input current. We show the relationship between the shuttle displacement
output and the input current for vacuum operation in Fig. 9. The displacements found by FEA with
temperature-dependent coefficient of thermal expansion are labeled as ‘Curve A’. Its average relative
error to the hybrid algorithm with constant coefficient of thermal expansion, labeled as ‘Curve C’, is
about -9.7 %, and to the hybrid algorithm with temperature-dependent coefficient of thermal
expansion, labeled as ‘Curve B’ is about -0.48 %.
We show the experimental data estimated from [23], labeled as ‘Point E’, in Fig. 9. The true geometric
and material properties of the real device, which were not reported in [23], could have large variations
[35]. For example, the Young’s modulus of polysilicon measured by different research groups with
different methods is summarized in [35]. The values vary from 95 GPa to 240 GPa . On the other hand,
it is not unusual to have ±0.25µ m geometric overetch on each side in a standardized process such as
MUMPs [35], which is used to fabricate the devices in [23]. By introducing 10% uncertainty in the
Young’s modulus and −0.15µ m overetch for the beam widths on each side (i.e. Young’s modulus
changes from 169 GPa to 152 GPa and the beam width changes from 3 µ m to 2.7 µ m .), the
displacement results found by our hybrid algorithm, labeled as ‘Curve D’, has about -13 % average
relative error to the estimated experimental results.
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Fig. 9. Steady-state shuttle displacement versus constant current input for the device operated in vacuum.

4. Graphical User Interface of Our ETA Simulation Tool
In this section, we present the graphical user interface (GUI) of our simulation tool (version 0.2). We
show three screenshots of the input GUIs in Fig. 10. In Fig. 10 (a), we show that we use four different
phases, which are called Model Description, Parameter Definition, Analysis Configuration and
Simulate, to guide users to define and run a simulation. In the Model Description phase, the
capabilities and the assumptions of the model are generally described. In the Parameter Definition
phase, the values or the analytical expressions of all the parameters are defined. In the Analysis
Configuration phase, the analysis parameters, such as the initial, final and step values of the sweep
parameter, are defined. Users can navigate back and forth by clicking on the phase navigation button.
The simulation will start to run remotely on the nanoHUB clusters once the Simulate phase is clicked.
In Fig. 10 (b) and (c), we show three build-in functions in RAPPTURE, which are used in our GUI to
make the GUI more organized and user-friendly: (1) As shown in Fig. 10 (b), a Choice function is used
to create the drop-down selection menu which contains pre-defined contents. (2) As shown in
Fig. 10 (c), a Boolean function is used to activate or deactivate a specific input field. By checking the
yes option for temperature-dependent resistivity, the constant resistivity field is deactivated. And a new
tab, in which the analytical formula can be defined, is activated simultaneously; (3) As shown in
Fig. 10 (c), a group function is used to create the hierarchical tabs to categorize various inputs.
Three different output formats: data curve, printed image and text, are illustrated in Fig. 11 (a), (b) and
(c), respectively. All these results can be downloaded to users’ local computer by clicking on the
download button shown in the red circles in Fig. 11. For the data curve and printed image outputs,
zoom tools are available shown in the red squares in Fig. 11 (a) and (b). The download and the zoom
tools are integrated in RAPPTURE so that no additional coding effort is needed.
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Fig. 10. Screenshots of the input interfaces of our online tool: (a) The names of the four phases are on the top
and the phase navigation buttons are at the bottom; (b) Drop-down mean with predefined selections are created
by RAPPTURE’s Choice function; and (c) Hierarchical tabs are created by RAPPTURE’s Group function and
the activation or deactivation of a specific field is realized by RAPPTURE’s Boolean function.

Fig. 11. Screenshots of the output interfaces of our online tool (red circles: download button; red squares:
zoom tool): (a) data curve output; (b) image output; and (c) text file output.

5. Conclusion
We presented an online tool that combined distributed and lumped analyses for simulating microscale
electro-thermal actuators (ETA). Our tool uses distributed analysis to simulate the electro-thermal
domain to obtain the temperature distribution of the ETA, and then it uses the average temperature in
with lumped analysis to simulate the thermo-mechanical domain to obtain the resulting deflection. The
temperature distributions obtained in FDM were compared to the results from FEA. The average
relative error was about 1.41 % and 9.44 % for in air operation and in vacuum operations, respectively.
We verified our tool by comparing its results to a commercial finite element analysis tool and obtained
an average relative error of 0.5 % in deflection. We validated our tool by simulating V-shaped ETA,
and compared it to the experimental results that was reported in the literature and obtained a relative
error of -13 % in deflection. And we presented the input and output web interfaces of our ETA
simulation tool available at nanoHUB.org. Near-term efforts include implementing an improved FDM
algorithm for greater stability and the ability to model higher dimensional heat transfer configurations.
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Abstract: Zeolites are promising materials to be used as templates in the synthesis of metal nanowires.
Previous studies using molecular simulations report a strong relation between the location of Al atoms
in zeolites and the positioning of the metal atoms inside the zeolite framework. This reflects the
importance of the Si/Al ratio in the selection of zeolites for the templated synthesis process. In the
present work, Metropolis Monte Carlo simulations were done to study the behavior of Ni at different
loadings in zeolite cancrinite with Si/Al = 1 and Si/Al = ∞. It was found that at
Si/Al = 1, the positioning of Ni atoms at the larger one-dimensional pores was favored energetically
and that higher loadings of Ni (19 % w/w) promote the formation of one-dimensional Ni structures.
These results suggest that is possible to use CAN and similar zeolites structures with low Si/Al ratios
as effective templates for nanowire synthesis. Copyright © 2009 IFSA.
Keywords: Molecular simulations, Monte Carlo, Zeolites, Cancrinite, Nanowires

1. Introduction
Metal nanowires are one-dimensional nanoparticles of special interest for the miniaturization of
electrical circuits. These structures have special characteristics because their electrons are quantum
confined laterally, occupying different energy levels than the ones from other nanoparticle
arrangements.[1] Nanowires’ electrical and thermal conductances have discrete values because of the
constraint on the number of electrons that can travel through their narrow diameter. Metal nanowires
can be used in many practical applications such as nanoscale magnetic sensors and high-density
magnetic recordings.
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There are several techniques to synthesize nanowires, which include methods such as arc discharge,
laser ablation, and aerosol synthesis [2]. A promising and convenient technique for the manufacture of
nanowires is the templated method, which consists of the use of porous structures to synthesize the
desired material inside their pores [3]. In this manner, the pores are used as casts in which nanowires
are formed. When compared with other techniques, templated synthesis has the advantage of allowing
better control over final size and shape of particles being synthesized. A review of the methods for the
templated synthesis of nanowires and other nanoparticle structures is available elsewhere [4].
Zeolites are aluminosilicate crystal structures that are very promising materials to be used as templates
for the synthesis of quantum sized nanoparticles. Typically, zeolites are composed of Si, Al and O
atoms. The ratio of Si atoms to Al atoms (Si/Al) can vary from infinite to one, depending on the zeolite
structure and the synthesis process. Zeolites, which have pore diameters ranging between 0.4 to
1.3 nm, are used in many commercial applications such as ion exchange, water adsorption, and
catalytic cracking. Some zeolites, like cancrinite (CAN structural framework), have one-dimensional
pore structures (main pore channels) that theoretically can be used in the templated synthesis of metal
nanowires (see Fig. 1). In particular, the one-dimensional pores of CAN have a main pore diameter of
5.9 Å (measured from two opposed oxygen atoms). The rings that form these main pore channels have
12 oxygen atoms. The main pore channels of CAN are surrounded by six side pockets with rings
formed by six oxygen atoms.

Fig. 1. Cancrinite (CAN) basic cell structure.

The use of zeolites for the synthesis of metal nanoparticles has been studied and promising results have
been obtained for 0D clusters [5-6]. However, there is a lack of relevant literature referent to the use of
zeolites as templates for synthesis of metal nanowires and other higher dimension nanoparticles.
In synthesis trials of silica and silver nanowires using zeolites, wires grew inside and outside the pores;
also, the dimensions of the obtained nanowires were larger than the original pore size, somewhat
limiting the effective use of the zeolite as a template [7, 8]. Similar results were obtained in studies that
used an electron beam to irradiate a copper containing zeolite, for the production of single crystal
copper wires [9]. As opposed to metal nanowires, successful trials have been obtained in the synthesis
of single walled and multiwalled carbon nanotubes [10-11].
Molecular simulations are a convenient way to gain insight of the behavior of molecular structures.
They can be used as a guide to focus experimental work that will serve to develop procedures for
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synthesizing metal nanowires using zeolites as templates. There are many publications that deal with
molecular simulations involving zeolites, mainly because of the generalized industrial applications that
these aluminosilicate materials have. Many of these reports are focused on the adsorption of chemical
compounds related to commercial applications [12-15]; other subject commonly studied with
molecular simulations is the diffusion of chemical compounds inside the zeolite pores [16-20].
However, to the best of our knowledge, there is no relevant literature about molecular simulations that
directly address the synthesis of metal nanowires inside zeolite pores.
Grillo et al published a molecular simulation study on the stability of metal particles inside zeolites
[21]. In this work, lattice energy minimizations were done to study the effects of different Al positions
in acidic mordenite (MOR) on the location and stability of monoatomic Pt particles. For this purpose,
two Al atoms were positioned at different T sites of the MOR basic cell (see Fig. 2).

Fig. 2. Position of the T sites in mordenite basic cell (identified by the bigger spheres).

Based on the lattice energy of the systems studied, the authors found that the stable sites of single Pt
atoms in acidic MOR are highly influenced by the specific location of the Al atoms in the lattice.
When the Al atoms where placed on the T1-T4, T3-T4, or T2-T4 sites of MOR, energy minimizations
favored the position of the Pt atoms inside the side pockets of MOR; meanwhile, the main pore
channels were favored as the most stable places for Pt atoms with the T1-T3, T1-T2, or T3-T2
configurations. Taking into account the expected percent of Al with respect to each tetrahedral site of
mordenite, the authors concluded that the side pockets are favored energetically to host Pt atoms in
acidic MOR.
These results illustrate the importance of the location of the Al atoms for the synthesis of metal
nanowires, as they influence the position of the host metal atoms inside the zeolite structure. The
impregnation of adequate sized precursor molecules promotes the introduction of metal atoms inside
the main pore channels. During the final steps of the templated synthesis (i.e. the formation of the
nanowires structure), it is desired that the majority of metal particles remain in the main pores. The
migration of metal atoms to the side pockets during the final steps of the synthesis process will be
detrimental in the formation of the nanowires structure.
For the actual synthesis process of zeolites, the Si/Al ratio and not the location of Al atoms can be
controlled. However for zeolites that can reach the minimal Si/Al = 1, like cancrinite (CAN), the
location of Al atoms is already fixed. Thus, theoretical studies using molecular simulations can be
performed with both Si/Al = 1 and Si/Al = ∞ to describe the effect of the Al atoms in the positioning
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of metal atoms during the synthesis process of metal nanowires. Based on these facts, the present work
was focused on the effect of Si/Al ratio and the magnitude of the metal loading on the displacement of
Ni particles inside the pores of zeolites with a CAN framework.

2. Simulation Methodology
Evaluation of the spatial distribution of Ni metal atoms inside the zeolite framework was done using
molecular simulations for CAN at two Si/Al ratios (Si/Al = 1 and Si/Al = ∞), and at four Ni loadings
equivalent to 5 %, 10 %, 15 %, and 19 % w/w. Also, one Ni atom simulations were done for CAN with
the same Si/Al ratios and compared with similar simulations of MOR at Si/Al = ∞ and Si/Al = 47.
These simulations were done at room temperature (298 K) to obtain the relative position of Ni atoms at
the most stable energetic conditions. The idea here was to establish the conditions that promote the
displacement of Ni inside the one-dimensional main pores channels and not inside of the side pockets
of the zeolite structures. The simulations were performed using Sorption from Material Studio 4.0
(Accelrys, Inc.). For each simulation, the Metropolis Monte Carlo (MMC) scheme was used in the
canonical ensemble, with 2 x 106 equilibration steps, 1 x 107 processing steps, and a cut off ratio of
18.5Å. A supercell composed of 2 x 2 x 16 unit cells (2304 atoms) was used for CAN; the supercell for
MOR was formed by 1 x 1 x 16 unit cells (also 2304 atoms). The relative position of the atoms in the
zeolite structure was fixed during the simulation process and determined previously from
crystallographic data. To determine the position of the balancing protons in the CAN acidic zeolite,
energy minimizations were done with several configurations for the bounding of the balancing protons
and selected the one that resulted in lower total energy.
The pcff forcefield was used in these energy minimizations as well as in the MMC simulations. Pcff is
well known and extensively used forcefield developed by Sun and other researchers and its based on
the cff forcefield [22] Pcff was parameterized using ab-initio methods and includes parameters for
zeolites as well as 20 inorganic metals (including Ni), accounting for the interaction between metal
atoms and the ones found in the zeolite framework. The parameterization of the pcff for the metalmetal interactions is based on the 9/6 form of the Lennard-Jones potential and was obtained by fitting
parameters to crystal structures and elastic constants of the selected metals [23].

3. Results and Discussion
Views down the c axis of the minimum energy configurations obtained from the MMC simulations for
CAN at Si/Al = 1 and Si/Al = ∞ with loadings of Ni equivalent to 10% w/w are presented in Fig. 3. In
these schematics, it is easily observed that Ni is present only in the main channels of CAN at Si/Al = 1,
while metal atoms are present also in the side pockets of CAN at Si/Al = ∞. This behavior was
consistently observed in almost all the simulations performed at different loadings of Ni; it was only at
the highest metal loading simulated (19% w/w) that single Ni atoms were observed at the pocket sites
of CAN with Si/Al = 1.
Fig. 4 presents results of one Ni atom simulations for CAN at Si/Al = 1 and Si/Al = ∞. Here the trace
of the center of the Ni atom is plotted for the movements generated by the MMC algorithm. In
repeated MCC simulations of CAN with Si/Al = 1 and a loading of one atom, Ni was never positioned
in the side pockets of the zeolite. When MMC simulations were performed for CAN with Si/Al = ∞
and one Ni atom, Ni was positioned in either the side pockets or the main pore channels. We observed
that the path generated by the algorithm suggested a non-ergodic behavior for Ni, i.e. the Ni atom
initially positioned at the main pore channels did not pass through the interconnecting ring to the side
pockets (and vice versa). On the other hand, one Ni atom simulations in MOR (Si/Al = ∞) suggest that
this behavior is different, i.e. the Ni atom can pass through the interconnecting ring from the main pore
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channel to the side pockets and vice versa. These differences can be explained by the diameter of the
interconnecting rings, which is about 1.5Å for CAN and 3.4 Å for MOR (see Fig. 5). With a Van der
Waals atom diameter of 3.26Å, Ni atoms are not expected to pass through the CAN interconnecting
rings. In this respect, CAN results in a better alternative than MOR for the templated synthesis process
of Ni nanowires.

Fig. 3. View of CAN with Ni loading of 10 % w/w.

Fig. 4. Metropolis Monte Carlo Simulation for one atom of CAN.

Fig. 5. Interconnecting rings of MOR and CAN.
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When considering the results for CAN (Si/Al = 1) with one Ni atom and the non-ergodic nature of this
structure, MCC trials of positioning Ni inside the side pockets failed. This suggests that energetic
conditions in the side pockets when Si/Al = 1 do not promote the positioning of Ni atoms here. This
was confirmed by energy minimizations for Ni atoms inside the side pockets and in the main pore
channels for CAN with Si/Al = 1 and Si/Al = ∞. The results are presented in Table 1. Notice that ∆E
for CAN with Si/Al = 1 and one atom of Ni in the side pocket is positive, which implies that the
positioning of Ni in this place is not favored at these conditions.
Table 1. Energy of one atom of Ni in CAN Pores (in kcal/mol).
System
CAN Si/Al=∞
+ Ni main channel
+ Ni side pocket
CAN S/Al=1
+ Ni main channel
+ Ni side pocket

Total Energy
-28,009.9
-28,017.2
-28,020.3
-90,155.2
-90,158.4
-90.153.0

∆ Energy
0.0
-7.3
-10.4
0.0
-3.2
2.2

In the above mentioned one atom simulations, it is observed that the presence of Al in the zeolite
structure promotes a separation of the Ni neutral atoms from the wall surfaces of the zeolite structure.
This behavior suggests that the Van der Waals repulsion forces between Ni and the oxygen atoms
bonded to Al atoms are stronger that the ones from Ni to the oxygen atoms bonded to Si atoms.
The magnitude of these repulsion forces is usually associated with the interaction of the electron cores
of the nearby atoms. This possible effect over the Van der Waals is probably reflected on the
parameterization of the pcff forcefield.
In order to verify the consistency of the above mentioned behavior, we performed additional one Ni
atom simulations using mordenite (MOR) structure with one Al atom at the T3 or T4 sites (see
Fig. 6). Notice that the trace of the MMC simulation at MOR (Si/Al = ∞) positioned the Ni atom
mainly inside the side pockets. The trace is symmetrical and it is evident that Ni is located at relatively
short distances from the side pocket walls. For the case of MOR with one Al atom at the T3 site, the
trace of the Ni atom confirms that Ni is distanced from the wall surface atoms of the pocket site where
the Al atom is positioned. The trace of the Ni atom also is more evident at the main pore channel,
suggesting that the increase in the repulsion forces at the wall surface near the Al atom promotes the
displacement of Ni to the main pore. A similar behavior is observed in the MOR simulation with Al at
the T4 site for the side pocket. However, the presence of Ni at the main pore channel is less evident.
This is consistent with the above mentioned explanation, because Al at the T4 site is very close to the
main pore channel. The snap shots of these simulations also suggest that the path of the Ni atom
through the interconnecting ring from the main pore channel to the side pocket is affected adversely
when the Al atom is positioned at the T4 site.
Finally, Fig. 7 presents the positioning of Ni atoms along the supercell of CAN at Si/Al = ∞ and
Si/Al = 1 for MCC simulations with Ni loadings of 10% w/w; a view of CAN (Si/Al = 1) with
19% w/w Ni loading is also included. For the MCC simulations with lower Ni concentrations, the
formation of Ni clusters was observed. The size of these agglomerations increased with Ni
concentration in both cases.
For CAN with Si/Al = 1, the observed size of the clusters at the main pore channels was greater than
for CAN with Si/Al = ∞. As the metal concentration increased, the observed Ni agglomerates in CAN
(Si/Al = 1) increased in elongation. At 19% w/w Ni, the agglomerates form one-dimensional structures
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that resemble Ni nanowires, suggesting that low Si/Al and high metal loadings promote the formation
of nanowires.

Fig. 6. Metropolis Monte Carlo Simulation for one atom of MOR.

Fig. 7. Metropolis Monte Carlo simulations of Ni in CAN (lighter colored Ni atoms are
in the side pockets and darker colored Ni atoms are in the main pores).

4. Conclusions
Our results illustrate importance of the Si/Al ratio and metal loading in the synthesis of metal
nanowires using zeolite structures. For CAN, a Si/Al ratio of one favored energetically the positioning
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of Ni atoms inside the main pore channels. This suggests that lower Si/Al ratios can reduce the
displacement of metal particles from main channels to side pockets in zeolites like mordenite,
improving the usefulness of such zeolites in the templated synthesis of metal nanowires. In the case of
CAN, the dimensions of the interconnecting rings prevent the migration of Ni and other metal atoms to
the side pockets. This fact can be useful during the templated synthesis of metal nanowires if adequate
size precursor molecules are used during impregnation, placing the metals atoms inside the main pore
channels of the CAN structure.
These results also illustrate the importance of the structure of the zeolite in the minimum energy
locations of the Ni atoms inside the pores. This suggests that there is a set of optimum zeolite
framework characteristics for the formation of nanowires.
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Abstract: We present a simplified model of mechanical behavior of large cantilever arrays with
discoupled rows in the dynamic operating regime. Since the supporting bases are assumed to be
elastic, cross-talk effect between cantilevers is taken into account. The mathematical derivation
combines a thin plate asymptotic theory and the two-scale approximation theory, devoted to strongly
heterogeneous periodic systems. The model is not standard, so we present some of its features. We
explain how each eigenmode is decomposed into a product of a base mode with a cantilever mode. We
explain the method used for its discretization, and report results of its numerical validation with full
three-dimensional Finite Element simulations. Finally, we provide a short description of parameter
updating and identification techniques developed for the model. Copyright © 2009 IFSA.
Keywords: Cantilever arrays, Multiscale modeling, Homogenization, Strongly Heterogeneous
homogenization, Parameter identification

1. Introduction
Cantilever arrays are used in a variety of application including Atomic Force Microscope arrays, for
instance the Millipede from IBM dedicated to data storage, see in [1]. Modeling of large cantilever
arrays is little developed. However, their direct numerical simulation, based on classical methods like
Finite Element Methods, is prohibitive for today's computers, at least in a time compatible with
designer time scale. The B. Bamieh's group has published a cantilever array model, see [2] among
other papers. It takes into account electrostatic coupling, and its derivation is phenomenological. One
of the authors has published a model for an elastic AFM Array in the static regime [3] and preliminary
results for the dynamic regime [4].
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2. Geometry of the Problem
We consider a two-dimensional array of cantilevers, see Fig. 1(a) for a two-dimensional view. It is
comprised of rectangle parallelepiped bases crossing the array in which rectangle parallelepiped
cantilevers are clamped. Bases are supposed to be connected in the x1 -direction only, so that the
system behaves as a set of discoupled rows. Each of them is clamped at its ends. Concerning the
unclamped end of cantilevers, we report two cases, one for free ends and one for ends equipped with
rigid tips, as in Atomic Force Microscopes. The whole array is a periodic repetition of a same cell, in
the two directions x1 and x2 . We suppose that the numbers of columns and of rows of the array are
sufficiently large, namely larger or equal to 10. Then, we introduce the small parameter ε ∗ equals to
the inverse 1/ N of the number of cantilevers in a row. We underline the fact that the technique
presented in the rest of the paper can be extended to other geometries of cantilever arrays and even to
other classes of microsystem arrays.

Fig. 1. Two-dimensional view of (a) the full cantilever array; (b) a unit cell.

3. Two-scale Approximation
Each point of the three-dimensional space, with coordinates x = ( x1 , x2 , x3 ) , is decomposed as
x = x c + ε y, where x c represents the coordinates of the center of the cell to which x belongs,

⎛ε ∗ 0
⎜
ε = ⎜ 0 ε∗
⎜0 0
⎝

0⎞
⎟
0 ⎟ , and y = ε −1 ( x − x c ) is the expanded relative position of x with respect to x c . Points
1 ⎟⎠

with coordinates y vary in the so-called reference cell, see the two-dimensional view on Fig. 1(b), that
is obtained through a translation and the dilation ε −1 of any current cell in the array.
We consider the distributed field u ( x) , of elastic deflections in the array, and we introduce its twoscale transform,
ε
u$ ( x% , y ) = u ( x c + ε y )

for any x = x c + ε y and x% = ( x1 , x2 ) . By construction, the two-scale transform is constant, with respect
to its first variable x% , over each cell. Since it depends on the ratio ε ∗ , then it may be approximated by
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the asymptotic field, denoted by u 0 , obtained for large number of cells (in both x1 and x2 -directions)
or equivalently when ε ∗ approaches (mathematically) 0:
ε
u$ = u 0 + O(ε ∗ ) ,

where O(ε ∗ ) tends to zero when ε ∗ vanishes. The approximation u 0 is called the two-scale
approximation of u . We mention that, as a consequence of the asymptotic process, the partial function
x$ a u 0 ( x$ ,.) may be continuous instead of being piecewise constant.
Now, we consider that the field of elastic deflections u is a solution of the Love-Kirchhoff thin elastic
plate equation in the whole mechanical structure, including bases and cantilevers. Furthermore, we
assume that the ratio of cantilever thickness hC to base thickness hB is very small, namely

hC
≈ ε ∗ 4/3
hB

(1)

This assumption is formulated so that the ratio of cantilever stiffness to base stiffness be very small,
namely of the order of ε ∗ 4 . The asymptotic analysis when ε ∗ vanishes shows that u 0 does not depend
on the cell variable y in bases and so depends only on the spatial variable x% .
Next, we remark that u 0 ( x% , y ) is a two-scale field, and therefore cannot be directly used as an
approximation of the field u ( x) in the actual array of cantilevers. So, an inverse two-scale transform is
to be applied to u 0 . However, we remark that x% a u 0 ( x% , y ) is continuous, and so u 0 does not belong

to the range of the two-scale transform operator and it has no preimage. Hence we introduce an
approximated inverse of the two-scale transform, v( x% , y ) a v( x), in the sense that for any sufficiently
regular one-scale function u ( x) and two-scale function v( x% , y ),
$
u$ = u + O(ε ∗ ) and v = v + O(ε ∗ )

It turns out that v( x) is a mean over the cell including x centered at x c with respect to x% = ( x1 , x2 )
when x belongs to a cantilever v( x) = v(., ε −1 ( x − x c )) % , and with respect to x2 when x belongs to a
x

base v( x) = v(., ε −1 ( x − x c ))

0

x2

. In total, we retain u as an approximation of u in the actual physical

system. Note that for the model in dynamics, the deflection u (t , x ) is a time-space function. In our
analysis we do not introduce a two-scale transform in time, so the time variable t acts as a simple
parameter.

4. Model Description
Now, we describe the model satisfied by the two-scale approximation u 0 (t , x% , y ) of u (t , x) . Remark
that as the deflection u in the Kirchhoff-Love model is independent of x3 , thus u 0 is independent of
y . For further simplicity, we neglect cantilever torsion effect i.e. the variations of y a u 0 (t , x% , y ) .
3

1
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Thus, cantilever motion is governed by a classical Euler-Bernoulli beam equation, in the microscopic
variable y2 ,
mC ∂ tt u 0 + r C ∂ 4y2 ... y2 u 0 = f C

with r C = ε ∗4 E C I C , where mC is a linear mass, E C the cantilever elastic modulus, I C the second
moment of cantilever section, and f C a load per unit length in the cantilever. This model represents
the motion of an infinite number of cantilevers parameterized by all x% = ( x , x ) .
1

2

Bases are also governed by an Euler-Bernoulli equation, in the macroscopic variable x1 , where part of
loads comes from the continuous distributions of cantilever shear forces,
m B ∂ tt u 0 + r B ∂ 4x1 ... x1 u 0 = − d B ∂ 3y2 ... y2 u 0 + f B

with r B = E B I B , where m B , E B , I B , d B and f B are a linear mass, the base elastic modulus, the
second moment of section of the base, a cantilever-base coupling coefficient and the load per unit
length in the base.
In the model, cantilevers appear as clamped in bases. So at base-cantilever junctions,
u|0cantilever = u|0base and (∂ y2 u 0 )|cantilever = 0

(2)

because ∂ y2 u 0 = 0 in bases. Equations of free ends are
∂ 2y2 y2 u 0 = ∂ 3y2 y2 y2 u 0 = 0

(3)

and those of ends equipped with a rigid part (usually a tip in Atomic Force Microscopes) are
⎛ −∂ 3y2 y2 y2 u 0 ⎞ ⎛ f3R ⎞
⎛ u0 ⎞
C
J ∂ tt ⎜
+εr ⎜ 2
⎟=
⎜ ∂ y u 0 ⎟⎟
⎜ ∂ y y u 0 ⎟ ⎜⎝ F3R + F2R ⎟⎠
⎝ 2 ⎠
2 2
⎝
⎠
R

at junctions between elastic parts and rigid parts. Here, J R is a matrix of moments of the rigid part
about the junction-plane, f 3R is a load in the y3 direction, F3R is a first moment of loads about the
junction-plane, and F2R the first moment of loads in the y2 direction about the beam neutral plane.
Finally, the base clamping conditions are
u 0 = ∂ x1 u 0 = 0

(4)

The loads f C , f B and f R in the model are asymptotic loads which are generally not defined from the
C

physical problem. In practical computations, they are replaced by the two-scale transforms f , f

B

and
. To be complete, we mention that rows of cantilevers are discoupled, this is why x2 plays only
the role of a parameter.
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5. Structure of Eigenmodes
There is an infinite number of eigenvalues λ A and eigenvectors φ A ( x1 , y2 ) associated to the model.
For convenience, we parameterize them by two independent indices i and j , both varying in the
infinite countable set N . The first index i refers to the infinite set of eigenvalues λiB and eigenvectors

φiB ( x1 ) of the Euler-Bernoulli beam equation associated to a base. The eigenvalues (λiB )i∈N constitutes
a sequence of positive number increasing towards infinity. At each such eigenvalue corresponds
another eigenvalue problem associated to cantilevers, which has also a countable infinity of solutions
denoted by λijC and φijC ( y2 ) . The index i of λiB being fixed, the sequence (λijC ) j∈N is a positive
sequence increasing towards infinity. In the other side, for fixed j and large λiB , i.e. large i , the
sequence (λijC , φijC )i∈N converges to an eigenelement of the clamped-free cantilever model. Finally, we
have proved that the eigenvalues λijA of the model are proportional to λijC , and that each eigenvector

φijA ( x1 , y2 ) is the product of a mode in a base by a mode in a cantilever φiB ( x1 )φijC ( y2 ).

6. Model Validation
We report observations made on eigenmode computations. We consider a one-dimensional silicon
array of N cantilevers ( N = 10 , 15 or 20), with base dimensions 500µ m ×16.7 µ m ×10 µ m, and
cantilever dimensions 41.7 µ m × 12.5µ m × 1.25µ m, see Fig. 2 for the two possible geometries, without
or with tips. We have carried out our numerical study on both cases, but we limit the following
comparisons to cantilevers without tips, because configuration including tips yields comparable
results.

Fig. 2. Cantilever Array without tips (a); and with tips (b).

We restrict our attention to a finite number n B of eigenvalues λiB in the base. Computing the
eigenvalues λ A , we observe that they are grouped in bunches of size n B accumulated around a
clamped-free cantilever eigenvalues. A number of other eigenvalues are isolated far from the bunches.
It is remarkable that the eigenelements in a same bunch share a same cantilever mode shape, (close to
a clamped-free cantilever mode) even if they correspond to different indices j. This is why, these
modes will be called "cantilever modes". Isolated eigenelements share also a common cantilever
shape, which looks like a first clamped-free cantilever mode shape excepted that the clamped side is
shifted far from zero. The induced global mode φ A is then dominated by base deformations and
therefore will be called "base modes". Densities of square root of eigenvalues are reported in the subfigures 2, 4 and 6 of Fig. 3 for nB =10, 15 and 20 respectively. These figures show three bunches with
size nB and isolated modes that remain unchanged.
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Fig. 3. Eigenmode Density Distributions for Finite Element Model and for the Two-Scale Model.
(Sub-figures are counted from top to down).

We discuss the comparison with the modal structure of the three-dimensional linear elasticity system
for the cantilever array discretized by a standard Finite Element Method. The eigenvalues of the threedimensional elasticity equations constitute also an increasing positive sequence that accumulates at
infinity. As for the two-scale model, its density distribution exhibits a number of concentration points
and also some isolated values. Here bunch sizes equal the number N of cantilevers, see sub-figures 1,
3 and 5 in Fig. 3 representing eigenmode distributions for N =10, 15 and 20. Extrapolating this
observation shows that when the number of cantilevers increases to infinity bunch size increases
proportionally. Since the two-scale model is an approximation in the sense of an infinitely large
number of cantilevers, this explains why the two-scale model spectrum exhibit mode concentration
with infinite number of elements. This remark provides guidelines for operating mode selection in the
two-scale model. In order to determine an approximation of the spectrum for an N -cantilevers array,
we suggest to operate a truncation in the mode list so that to retain a simple infinity of eigenvalues
(λijA )i =1,.., N and j∈N . We stress the fact that N -eigenvalue bunches are generally not corresponding to a
single column of the truncated matrix λijA . This comes from the base mode distribution in this list.
When considered in increasing order, base modes are located in consecutive lines of the matrix λ A but
not necessary in a same column. We remark that a number of eigenvalues in the Finite Element model
spectrum have not their counterpart in the two-scale model spectrum. The missing elements
correspond to physical effects not taken into account in the Euler-Bernoulli models for bases and
cantilevers.
The next step in the discussion is to compare the eigenmodes and especially those belonging to
bunches of eigenvalues. To compare an eigenvector from the two-scale model with an eigenvector of
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the elasticity system, we use the Modal Assurance Criterion, see [5] which is equal to one when the
shapes are identical and to zero when they are orthogonal, see Fig. 4 and Fig. 5.

Fig. 4. Two-scale model eigenmode shapes and FEM eigenmode shapes.

Fig. 5. MAC matrix between two-scale model modes and FEM modes.

This test has been applied on transverse displacement only and a further selection has been developed
so that to eliminate modes corresponding to physical effects not modeled by the Euler-Bernoulli
models. Following this procedure, mode pairing is achieved successfully. In Fig. 6 (a) paired
eigenvalues have been represented and the corresponding relative errors are plotted on Fig. 6 (b). Note
that errors are far from being uniform among eigenvalues. In fact, the main error source resides in a
poor precision of the Euler-Bernoulli model for representing base deformations in few particular cases.
Indeed, a careful observation of Finite Element modes shows that base torsion is predominant for some
modes. This is especially true for the first mode of the first cantilever mode bunch.

7. Model Identification
In this section, we report some results related to model identification obtained from a module which is
incorporated in the AFM Array simulation tool. The calculations are carried out for an array with ten
cantilevers.

7.1. Global Sensitivity Analysis (GSA)

With the GSA we study model sensitivities with respect to parameters by analyzing eigenvalues. The
model parameters are Young's modulus, Poisson ratio, volume mass, the thicknesses, lengths and
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widths of base, cantilever and tip. The observations are a list (λijA ) of eigenvalues for i = 1,..,10 and

j = 1, 2 , where the index i and j refers to "base modes" and "cantilever modes" respectively, see
Fig. 7.

Fig. 6. (a) Superimposed Eigenmode Distributions of the simple Two-Scale Model with the full threedimensional Finite Element Model (b) Errors in logarithmic scale.

Fig. 7. Model eigenmodes (B=base mode, C=cantilever mode).

For performing the GSA, we consider a sample of parameter vectors issued from the realization of a
uniform probability distribution drawn in the intervals bounded by 0.8 and 1.2 times the nominal
values. The correlation coefficients matrix between parameters and observations is presented in
Fig. 8 (a), where parameters are in the horizontal axis and eigenvalues in the vertical axis. We see that
the parameters hB and Lbeam are influential. The number of influent parameters is also indicated by
the singular values. Fig. 8(c) shows two significant singular values with respect to the others, which
means that only two parameters are influent. Then, the influent parameters are determined using the
maximum absolute values of the singular vectors associated with the two maximal singular values.
From Fig. 8(b), we deduce that Lbeam and hB are the most influent parameters. This result confirms
the analysis of the correlation matrix. So, from now, we consider only these two parameters.
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Fig. 8 (a) Correlation coefficient matrix; (b) Singular Value Decomposition matrix; (c) Singular values.

7.2. Updating by Sensitivity

Parameter updating through sensitivity is an iterative procedure based on eigenvalue and eigenvector
sensitivities with respect to parameters. The algorithm tends to minimize a cost function related to the
difference between experimental data (here replaced by outputs of the FEM simulation) and model
outputs. We take the GSA into account to restrict the parameter set to hB the base thickness and Lbeam
the cantilever length. We initialize hB and Lbeam to 1.3 and 0.8 times the nominal values respectively.
After 9 iterations, the convergence was reached and the exact value of the reference parameters is
returned, see Fig. 9.

7.3. Inverse Identification

Generally speaking, an inverse problem consists in identifying the parameters of a physical system
from experimental observations. We adopt the Tarantola's formulations [6] for the two parameters hB,
Lbeam to be identified, and for the eigenvalues (λijA )i =1,..,10 and j =1,2 as observation data. The Tarantola's
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formulation combines probability density functions (pdfs) representing the a priori information on the
model parameters, the experimental information and the theoretical uncertainty to produce a posteriori
pdfs on the model parameters. Here, we assume uniform a priori pdfs for the parameters, Gaussian
experimental uncertainties and an exact theory. It is generally difficult to determine directly the a
posteriori probability distribution. So, it is estimated thanks to a Monte Carlo simulation. As proposed
in [7], an algorithm of Metropolis-Hastings [8] is utilized. Two convergence criteria are used, the
empirical means and the cumulative sums, see [9]. Here, 500 samples are used for estimating the
densities. The final probability distributions are represented in Fig. 10.

Fig. 9. Evolutions of (a) Cost objective function; (b) Perturbed parameters.

Fig. 10. Identification results for the parameters (a) hB; (b) Lbeam.

8. Conclusions
A cantilever array model in dynamic regime has been derived based on a theory of strongly
heterogeneous homogenization where the cantilevers play the role of soft parts. We conclude to a
globally good agreement with the three-dimensional elasticity model based on eigenvalue and
eigenvector comparisons. The model was shown to be sufficiently light to apply successfully usual
updating and identification techniques.
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Abstract: This paper demonstrates that the Volume of Fluid (TruVOF®) method in FLOW-3D®
general purpose CFD software) is an effective tool for studying droplet dynamics and mixing in
microfluidic devices. The first example studied is a T-junction where flow patterns for both droplet
generation and passive mixing are analyzed. The second example studied is a co-flowing device where
the formation and breakup of bubbles is simulated. The effect of viscosity on bubble formation is also
analyzed. For a T-junction the bubble size is corroborated with experimental data. Both the bubble size
and frequency are studied and corroborated with experimental data for a co-flowing device. The third
example studied is the electrowetting phenomenon observed in a small water droplet resting on a
dielectric material. The steady-state contact angle is plotted against the voltage applied. The results are
compared with both the Young-Lippmann curve and experimental results. Copyright © 2009 IFSA.
Keywords: Droplet-based microfluidic devices, Co-flowing devices, T-junction, Electrowetting,
Volume of fluid method

1. Introduction
There has been considerable interest in the study of droplet formation and passive mixing in
microfluidics devices recently. These devices have several applications, for example, on-chip
separation, chemical reactions and biochemical synthesis [1]. A related phenomenon that has also
garnered much interest recently is electrowetting. This phenomenon can be used to manipulate small
liquid droplets on solid surfaces. Applications include Lab on a Chip devices, electronic displays and
adjustable lenses [2]. In this paper we will show a Volume of Fluid (VOF) based algorithm to be an
effective simulation tool for studying and characterizing the dynamics of droplets in these micro-scale
devices.
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A VOF method is an algorithm used for accurately tracking a sharp interface between two fluids. The
original Volume of Fluid method was based on the donor-acceptor approach first introduced by Hirt
and Nichols [4], hereby referred to as the standard VOF method.
Central to the standard VOF method is F, the VOF function. F is the fluid fraction occupied by a given
fluid in a given control volume and can take on values in the range [0, 1]. The VOF method determines
the exact location and orientation of the interface in a given computational cell based on the values of
the VOF function in (a) the given cell and (b) in neighboring cells.
Fig. 1 shows typical values of the VOF function near an interface.

Fig. 1.Typical values of the VOF function near an interface between two liquids.

The standard VOF method then advects the interface based on the existing velocity field. This is done
by solving the kinematic equation for the VOF function. In the absence of any mass sources this is
given by Eq. (1).
Vf

∂F
+ ∇ ( AUF ) = 0
∂t

(1)

Here A = (Ax, Ay, Az) and Vf represent the area fractions and the volume fraction of the geometrical
constraints of the flow. U is the velocity vector (u, v, w) and AU is the vector (Axu, Ayv, Azw).The
numerical solution of Eq. (1) must prevent unphysical distortion of the interface and preserve its sharpness.
In this work simulations were run using FLOW-3D®, commercial CFD software. FLOW-3D® uses a
Volume of Fluid (VOF) algorithm called the TruVOF® method to accurately track the interface
between two phases. In FLOW-3D®, numerous enhancements have been made to the standard VOF
method in order to improve the accuracy and stability for complex single and two fluid flows with
sharp interfaces.

2. T-Junction
In a T-junction device, the disperse phase and the continuous phase are injected from the two branches
of a "T". As a result, bubbles of the disperse phase are formed and carried forward by the continuous
phase. It is one of the most widely-used devices that produce immiscible droplets.
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2.1. Description of Geometry and Simulation Setup
The T-junction geometry we used for the simulations is made up of 50 µm x 50 µm cross section
microchannels, the same as the geometry used by Song et al. [6]. Here water (viscosity µ = 0.001 Pa-s,
density ρ = 1000 kg/m3) is the disperse phase and a perfluorocarbon, PFD (viscosity µ = 0.0051 Pa-s,
density ρ = 1900 kg/m3) is the continuous phase. The geometry was resolved with a structured
3D mesh with mesh cell size of 2.5 µm. All the simulations were run to compute 24 ms of physical
time which ensured formation of several droplets along the channel. The T-junction simulation setup is
shown in Fig.2.

Velocity boundary
(Inlet)

Water (Qd)

Outflow
boundary

PFD
(Qc)

Channel walls: No slip boundary condition.
Qd and Qc: Inlet, velocity boundary
condition.
Mesh cell size: 2.5µm

Fig. 2. T-junction simulation setup.

2.2. Results and Discussions
The first step was to validate the accuracy of TruVOF® method in predicting the droplet formation
process. For this we ran a case with the continuous phase flow rate, Qc = 3.6 µl/min and discrete phase
flow rate of Qd = 3.9 µl/min. Results from this run were compared against experimental results from
Song et al. [6]. Fig. 3 shows the comparison between the experimental and simulation results.
Experimental results have images at two time frames. The first image is right after a droplet is formed
and is assumed to be at time zero. The next image is after 2 ms and shows the existing droplet to have
moved some distance along the channel along with the formation of a second droplet. Simulation
results corresponding to these two time frames were plotted. The simulation was effective in capturing
the droplet formation and size as it is first formed and then advected along the channel.

Fig. 3. Comparison of FLOW-3D® results with the experimental results.
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Fig. 4 shows the entire droplet formation process as observed in the simulation. As the two immiscible
liquids water (disperse phase) and PFD (continuous phase) flow in through their respective inlets they
form an interface at the T-junction. As the continuous phase, PFD flows through the main channel it
pushes on the interface distorting it. As the droplet of the dispersed phase grows it occupies the entire
width of the channel. This increases pressure drop across the droplet. This pressure drop and the flow
of both the continuous and the dispersed fluid makes the interface distort in the downstream direction
and at the same time the droplet grows in size. Once the upstream interface of the droplet approaches
the downstream edge of the T-junction, the neck connecting the droplet and inlet (for the dispersed
liquid) stream becomes thin and breaks off. The neck of the dispersed liquid, then retracts, again
forming an interface at the T-junction. This process is repeated at regular intervals resulting in
uniformly spaced droplets of equal size along the main channel.

a

e

b

c

f

g

d

h

Fig. 4. Droplet formation process in a T-junction.

The next step was to study the effect of the Qd/Qc ratio on droplet length and frequency. The Qd/Qc
ratio was varied by changing the flow rate of continuous phase (Qc) from 1.8 µl/min to 7.2 µl/min
while the flow rate of the disperse phase (Qd) was kept constant at (Qd = 3.9µl/min). The simulation
results in Fig. 5 show that droplet length decreases as the flow rate of the continuous phase (Qc)
increases. This behavior results from the increased shearing force of the continuous phase with
increased velocity. Garstecki et al. [5] conducted several experiments for a T-junction geometry and
proposed a scaling law as shown in Eq.2 to correlate the droplet length (L) and droplet width (W) with
the Qd/Qc ratio. The equation has two constant parameters α and ω whose values depend on the
geometry.

L
Q
= ω +α d
w
Qc

(2)

We compared the simulations results against the scaling law and found that for our T-junction
geometry α is equal to 1.48 and ω is equal to 1.0. This has been shown in Fig. 6.
We then calculated the droplet formation frequency for each case and compared them against the flow
rate ratio (Qd/Qc). The droplet formation frequency was found to decrease with an increase in Qd/Qc, as
shown in Fig.7.
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a)

c)

b)

d)

Fig. 5. Increase in continuous phase flow rate (Qc) decreases bubble length.
(a: Qc = 1.8 µl/min, b: Qc = 2.7 µl/min, c: Qc = 3.6 µl/min,
d: Qc = 7.2 µl/min) Qd = 3.9 µl/min for all cases.

Fig. 6. Dependence of L/w ratio on the flow rate ratio.

Fig. 7. Dependence of droplet formation frequency on flow rate ratios.
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2.3. Mixing in Droplets
Droplets formed in a T-junction can be used as containers for carrying out chemical reactions in a
controlled fashion. Once the droplet is formed, mixing of the reagents within the droplet is vital for the
chemical reaction. In turbulent flows mixing can be achieved fairly easily due to the turbulence in the
flow. In microfluidic channels the Reynolds number (Re) is low (Re ~ 0.01-100, Re = ρUd/µ, where
d [m] is the diameter of the capillary, U [ms-1] the velocity of the flow, ρ [kgm-3] the density, and
µ [kgm-1 s-1] the viscosity of the fluid). This means in microchannels the flow is laminar and the
turbulent mechanism is not available for mixing. Mixing due to molecular diffusion is a slow process.
This makes mixing significantly difficult in microchannels. Song et al. [6] studied mixing of reagents
within the droplet and demonstrated that mixing is enhanced if the droplet is made to flow through a
curved microchannel rather than a straight microchannel. To demonstrate the use of CFD in predicting
mixing patterns, here we have simulated mixing of reagents within the droplets formed in a T-junction.

3.4. Simulating Mixing in Droplets
The geometry used is the same as for the rest of the T-junction cases, except that the main channel is
extended to include a bend as shown in Fig. 8. Alsoas shown in Fig. 8, two reagents A and B are added
to the stream of water. The central stream acts as a separator between the two reagent streams
preventing mixing of reagents until they reach the T-junction. For the CFD simulation we used the
scalar model in FLOW-3D® to simulate the motion of the reagents. Scalars in FLOW-3D® can be
thought of as flow tracers that follow the flow patterns. Two different scalars are used to represent the
two reagents A and B. The simulation was run to compute a physical time of 48 ms.

Fig. 8. Setup for the mixing case.

2.5. Results of the Mixing Simulation
Fig. 9 shows the distribution of reagent A and reagent B inside the droplets as they flow along the
channel. Once a droplet is formed, reagent A is more concentrated along the lower half of the droplet
and reagent B is more concentrated along the top of the droplet. From Fig. 9 it can be seen that this
distribution of the reagents remains constant as long as the droplets are flowing along the straight
portion of the channel. At the inlet the size of the three streams, the reagent A stream, the separator
stream and the reagent B stream are the same and each stream contributes approximately a third of the
droplet volume. Inlet concentration of both reagents A and B is 1.0 gm/cm3. So, in a completely mixed
state, the concentration of the reagents should be 0.33 gm/cm3throughout the droplet. Fig. 9 shows that
once the droplets go through the bend the concentration of the reagents in the droplet is almost uniform
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and around 0.33 gm/cm3 suggesting that the reagents are almost completely mixed in the droplet
volume. This was also confirmed by measuring concentration of both the reagents at several locations
in the drop volume, which showed that once the droplet goes through the bend, reagent concentration
varies in the range 0.29 gm/cm3 to 0.35 gm/cm3. We are currently working on further simulations
related to mixing in order to make a more detailed study.

(a)

(b)

Fig. 9. Mixing of reagents A and B inside the droplet. The continuous phase flow rate, Qc = 3.6 µl/min
and discrete phase flow rate of Qd = 3.9 µl/min.

3. Co-flowing Device
In this section we will show results obtained using our VOF-based simulation method for a simple coflowing device. Even though we use a relatively simple geometry here, the results go a long way in
demonstrating how FLOW-3D®can be used as an effective tool for simulating multiphase flows for
micro-geometries.

3.1. Description of the Device and Experimental Setup
Xiong et al. [1] have done extensive experiments to study the mechanism of bubble formation, flow
parameters affecting bubble length and the bubble generation frequency for a simple co-flowing
device. Figs. 10a and 10b show a 3D and 2D schematic of their co-flowing device.
The microchannel was etched on a silicon wafer and bonded at the top with a thin cover glass plate.
The geometries are as follows: w = 1.691mm, wg = wl = 0.545 mm, d = 0.601 mm and h = 0.07 mm.

(a)

(b)

Fig. 10. (a) 3D and (b) 2D schematic for Co-flowing device [1].
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In this device, liquid and gas enter the device from the left-hand side (Fig.10 b). They are separated by
a barrier. The gas phase was found to form bubbles, which are carried forward by the liquid phase for
certain combination of flow rates for the gas and the liquid. We simulated this microchannel using a
2D-simulation with FLOW-3D®. Fig. 11 describes the simulation setup for this problem.

Mesh Block 1
with
fixed flow
rate of gas
at inlet

L
Outflow
Boundary

Mesh Block 2
with
fixed flow rate
of liquid
at inlet

Mesh Block 3

Fig. 11. Simulation Setup for Co-flowing device.

The length of the channel simulated was L = 1.9 cm while w, wl, wg, d and h were used from Fig. 10b.
At the inlet, fixed volume flow rates were used as boundary conditions in mesh block 1 (orange) and
mesh block 2 (green). A third mesh block (yellow) occupied the rest of the channel. An outflow
condition that maintains the normal component of the velocity was used at the exit. Square cells were
used within the mesh blocks with a cell size of 0.0025 cm.
In these simulations, air was used as the gaseous fluid. Water (viscosity µ = 0.92 mPa-s) and three
aqueous solutions of glycerol, 50 % (w/w) glycerol (µ = 7.31 mPa-s), 30 % (w/w) glycerol
(µ = 2.68 mPa-s), and 10 % (w/w) glycerol (µ = 1.19 mPa-s), were used as the liquids.

3.2. Comparison with Experiments for the Bubble Breakup Process
To study the breakup process, a simulation was run with air and water flowing together in the coflowing device described above. Fig. 12 shows the comparison between experimental results [1] and
the results obtained from simulation.
The bubble formation was compared at the same time steps of 0, 0.04, 0.14, 0.2 and 0.24 second.
The bubble generation process has been observed using micro-PIV measurements in [1]. We also
studied this with the help of velocity vectors in FLOW-3D®. As the liquid enters into the main channel
past the barrier, it pushes upward due to the higher momentum causing a thin gaseous ligament to
develop in the gas flow. Since the top surface is bounded by the channel, the ligament is forced to
expand downward and a thin neck region is formed. This can be seen at time t = 0.2 s in Fig. 12. The
neck propagates downstream and its diameter decreases until it finally breaks forming a new bubble.
After the breakup of the gas bubble, the high liquid velocity acts at the top of the bubble close to the
wall. This pushed the bubble to the bottom wall and forces it to form a slug that occupies the entire
channel.
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Fig. 12. Comparison of simulation results with experimental data for a flow rate
of water = Ql=15 ml/hr and a flow rate of air = Qg =3 ml/hr.

3.3. Bubble size and Frequency
When the liquid flow rate is increased in a co-flowing device, there is a corresponding increase in the
vertical component of the liquid velocity around the barrier [3]. So when the liquid flow rate is
increased beyond a certain critical value the flow dynamics of bubble formation is almost identical to
that in a T-junction. In this regime, experiments in a co-flowing device agree quite well with the
scaling law seen in the case of T-junctions [1].
We investigated the size and frequency of bubble formation for water and air flow rates, where
experiments show a good agreement with the scaling law. Air at flow rates of 2.1, 5.25, 10.5, 21 and
42 ml/hour above the separator and water at a fixed flow rate of 21 ml/hr below the separator were
used. The bubble length was obtained near the exit of the channel once the bubble had reached a
steady state. At this stage the bubble occupied the entire channel width due to the high surface tension.
In Fig.13 the actual lengths observed for the cases simulated are compared with the values predicted
on the basis of the scaling law in Eq. (2).
0.75
0.65
0.55
Bubble Length
0.45
(cm)
Predicted Bubble
Lengths

0.35

Bubble Lengths from
Simulation

0.25
0.15
0

1

Qg/Ql

2

3

Fig. 13. Bubble lengths predicted using the scaling law compared against bubble lengths from simulations.
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A higher gas flow rate leads to longer bubbles. This is because with a higher flow rate the gas has a
larger force to push the liquid in turn as well as a better ability to resist the liquid pressure at the neck.
The simulations showed a good agreement with the scaling law for the bubble length. An analytical
expression for the frequency of bubbles generated in the co-flowing device was derived by Xiong et al.
[1], by simple assumptions of conservation of mass. This expression is as follows:

f =

Ql Q g

π⎞
⎛
h w.⎜ Q g + Ql . ⎟
4⎠
⎝

,

(3)

2

Where fish the frequency, Land Qg are the flow rates for liquid and gas respectively, h is the depth of
the channel and w is the width or height of the channel. The time period for the bubble formation was
determined with the help of simulations. The two instants of time when the bubble starts forming and
is finally formed were noted and the difference between the two was used to calculate the frequency of
the bubble formation. This data is compared with the analytical expression of Eq. (3) and plotted in
Fig. 14.
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15
Predicted Frequency
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5
0
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Qg Ql / (Qg + Ql*π/4) (ml/hr)

Fig. 14. Bubble lengths predicted using the scaling law compared against bubble lengths from simulations.

The results from the simulations show a good agreement with the analytical expression in Eq. (3).
Xiong et al. [1] found that the bubble shape changes from a slug to a spherical bubble as the viscosity
of the liquid is increased. They proposed that this could be due to the increasing viscous forces that
counteract horizontal movement of the gaseous ligament resulting in a smaller bubble. We compared
our simulation results with experimental data from [1] for flow rates of Qg = 2.1 ml/hr and
Ql = 21 ml/hr for different viscosities. This was a qualitative study and we did not measure the bubble
lengths or frequencies. We are currently running more simulations to investigate the results further.
The current results have been shown in Fig. 15.

4. Electrowetting
When an electric field is applied across a conducting liquid drop resting on a conductive solid coated
with dielectric material, the contact angle of the drop changes. This behavior is called electrowetting.
Electrowetting can be used to move, coalesce or split micro-volume droplets.
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Fig. 15. Comparison between experimental data and simulation results for different liquid viscosities.

4.1. Electro-mechanics Model
To simulate physical processes that involve interaction of electric fields and fluids, FLOW-3D®has an
electro-mechanics model. This model can simulate electrostatic fields. The computed electric field
takes into externally applied electric fields as well as any electric field generated due to electric charge
in the fluid volume. The net electric field is dynamically calculated along with the fluid motion and
thus this model is coupled with the Navier-Stokes solver in FLOW-3D®. The model solves for electric
potential using Eq. 4 and then calculates electric field using Eq. 5.

∇ • ( K∇ φ ) =

ρe
ε0

E = −∇φ ,

(4)
(5)

where, Ø is the electric potential E is electric field, K is spatially varying dielectric constant, ρe is
electric charge density and ε0 is permittivity of vacuum. Whenever an electric field is applied across a
conducting fluid free charge (ρe) can be induced in the fluid. The electro-mechanics model simulates
this effect using Eq. 6.

∂ρ e
+ ∇.(uρ e ) = −∇ .( KE )
∂t

(6)

The model can also take into account force acting on electrically charged fluid volume in the presence
of electric field (electrophoresis) and this force (Fe) is calculated using Eq. 7.
Fe = ρ e E

(7)

Another important electric force resulting from gradient in dielectric constant is the dielectrophoresis
force (Fd) which is calculated using Eq. 8.

Fd =

1
ε 0 ( K − 1)∇E 2
2

(8)

146

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 136-149

4.2. Electrowetting Simulation
We chose an electrowetting case for a hemispherical drop of water (viscosity µ = 0.001 Pa-s, density
ρ = 1000 kg/m3). As shown in Fig. 16, the geometry for the simulations consists of a 500 µm diameter
hemispherical drop of water placed on a plate coated with a dielectric material having a dielectric
constant of 4.5. The static contact angle of the water drop on the coating is 120° and it has an electrical
conductivity of 2.5e-5S/m. A micro-needle electrode is inserted into the top of the drop to apply an
electric field across the drop. The steady-state contact angle was measured for the droplet for several
voltages from 0 to 25 V.
Dielectric layer
V
Θv

Θ0

Θv

Electrode

Fig. 16. Electrowetting simulation setup.

4.3. Results and Discussion
When no voltage is applied across the droplet, as expected the droplet reaches a steady-state contact
angle of 120° which is same as the specified contact angle. As voltage was applied across the droplet,
spreading or a wetting behavior was observed. The extent of spreading depends on the voltage applied
across the droplet. When a voltage is applied across the conductive droplet, a very thin electric charge
layer is induced along the bottom of the droplet as shown in Fig. 18. This charge layer is made up of
negative charges and as the region surrounding the droplet along the base is at higher potential (see
Fig. 17) there is an electric force (electrophoresis) acting in the radially outward direction. In addition,
there exists a gradient in dielectric constant; water has dielectric constant of 80.0 while surrounding air
has dielectric constant of 1.0. This gradient results in a dielectrophoresis force which acts in a direction
such that it will tend to push the droplet towards higher potential region (positive dielectrophoresis).
These two electrical forces push the droplet in such a way that it makes the droplet spread until an
equilibrium is reached between restoring force of surface tension and deforming forces of
electrophoresis and dielectrophoresis.

Fig. 17. Comparison of drop shape: a: No electric field, b: 20 V electric field.
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Fig. 18. Electric charge density contours for 20 V.

Equation (9) shows the Young-Lippmann equation, which is generally accepted to be reasonably
accurate in predicting the change in the apparent contact angle as a function of the applied voltage [6].
cos θ = cos θ 0 +

1 εε 0
V
2γ t

2

(9)

The Young-Lippmann equation relates the resulting contact angle (θ) to the applied voltage (V), static
contact angle (θ0), thickness of dielectric layer (t), surface tension coefficient (γ), permittivity of the
dielectric layer (ε) and permittivity of vacuum (ε0). As shown in Fig. 19, we compared our simulation
results against experimental work done by Cho et al. [7] and the Young-Lippmann curve. Simulation
results show a good agreement with the experimental results, except at high voltages where
experimental results show a saturation behavior. There is no generally accepted theory behind this
saturation behavior. This could be due to instability of the contact line at high voltages or a penetration
of electric charge into the dielectric layer at higher voltages [2].

Fig. 19. Plot of the apparent contact angle versus applied voltage.
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5. Conclusions
The behavior of a T-junction and a co-flowing device were numerically investigated. For both of them
the droplet/bubble formation process was numerically captured and the droplet/bubble size validated
against experimental results. The phenomenon of passive mixing in bent channels was also studied in a
T-junction. A simple electrowetting case was also successfully simulated. The results of the
electrowetting simulations suggest that as long as the applied voltage is less than the saturation
voltage, FLOW-3D® can be used in studying the behavior of electrowetting-based devices. Based on
these simulations, we can conclude that TruVOF®, the VOF algorithm used in FLOW-3D® is an
effective and accurate tool for studying the droplet/bubble dynamics in microfluidic devices. Based on
our preliminary results, we can conclude that CFD simulations in general show good promise for
simulating the mixing phenomenon observed in microfluidic devices.
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Abstract: Surface Acoustic Wave (SAW) technology is low cost, rugged, lightweight, extremely low
power and can be used to develop passive wireless sensors. For these reasons, NASA is investigating
the use of SAW technology for Integrated Vehicle Health Monitoring (IVHM) of aerospace structures.
To facilitate rapid prototyping of passive SAW sensors for aerospace applications, SAW models have
been developed.
This paper reports on the comparison of three methods of modeling SAWs. The three models are the
Impulse Response Method (a first order model), and two second order matrix methods; the
conventional matrix approach, and a modified matrix approach that is extended to include internal
finger reflections. The second order models are based upon matrices that were originally developed for
analyzing microwave circuits using transmission line theory. Results from the models are presented
with measured data from devices. Copyright © 2009 IFSA.
Keywords: Surface acoustic wave, SAW, Transmission line models, Impulse response method

1. Introduction
First order models of SAW devices are based upon the Impulse Response [1, 2]. These models do not
take into account second order effects such as internal reflections, frequency shifts, or allow for any
physical arrangement other than equal electrode widths and spaces. For more accurate results, a matrix
based approach was developed [3]. This approach has been further refined and modified to include
internal finger reflections [4]. The reflections occur when the thickness of the metallization is sizeable
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enough to result in significant reflections. The extensions are based upon matrices that were originally
developed for analyzing microwave circuits using transmission line theory. These modifications are
accomplished by breaking up the SAW device into zones, where the area under a metalized region is
treated as one zone, and the area without metallization is treated as another zone. The impedance
discontinuities that occur at the edges of the metal fingers enable the simulation of the internal
reflections of the mechanical acoustic wave. The modifications also enable incorporation of the
different velocities for each region, which produces a more accurate characterization of the frequency
response of the device. The modifications also allow for unequal finger widths and spacing.
In this paper, the three modeling methods are briefly discussed, then a comparison of the three models
with results from prototype devices are presented.

2. First Order Modeling using the Impulse Response Method
The Impulse Response method [1] was used as the baseline for modeling the SAW device. This
method is valid only for transducers where at least one of the two Inter-Digitated Transducers (IDTs)
has a constant aperture or finger overlap [3]. This first order model includes both the mechanical and
electrical behavior of SAW devices. It calculates the frequency response, the loss of the system, the
admittance, and parameters for circuit simulators. This model assumes constant and equal spacing and
finger widths. A simple circuit model (Fig. 1) can be used to convey the basic elements of the Impulse
Response Model. The figure shows the source voltage and both the source and load impedances which
are not part of the model. In the circuit model CT is the total capacitance, Ba(f) is the acoustic
susceptance and Ga(f) is the radiation conductance.
IDT
IDT

Ht

Surface Acoustic Wave

IDT

ZS
VS

Ha

IDT

V1

CT

Ba(f)

Ga(f) Ga(f)

Ba(f) CT

V2 ZL

Wf
Piezoelectric Substrate

(a)

(b)

Fig. 1. (a) Basic SAW delay line; and (b) the circuit model used in the Impulse Response Modeling. CT is the
total capacitance, Ba (f) is the acoustic susceptance, and Ga(f) is the radiation conductance.

The frequency response of a SAW device can be calculated by using the Impulse Response Model and
is given by [5]:
2
⎛ N p +D ⎞
⎛
⎛ sin ( X ) ⎞ − j⎜⎜⎝ f0 ⎟⎟⎠ ⎞
2
2
⎟.
H ( f ) = 20log ⎜ 4k Cs Ha f0Zr Np ⎜
⎟ e
X
⎜
⎟
⎝
⎠
⎝
⎠

(1)

Where k is the piezoelectric coupling coefficient, Cs is the capacitance per finger pair and unit length,
Ha is the aperture or overlap height of the fingers, f0 is the center or synchronous frequency, Np is the
number of finger pairs, f is the frequency, D is the delay length between the IDTs, and Zr is the wave
impendence and X is given by:
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X = N pπ

( f − f0 )
.
f0

(2)

3. Conventional Matrix Method
The matrices discussed in this work were originally developed for analyzing microwave circuits using
transmission line theory. The methodology utilizing transmission matrices was modeled on the
approach given by Campbell [3]. This method is based upon the Mason equivalent circuit using the
crossed field technique (Fig. 1b) [4]. In this method, for modeling purposes, a SAW device is modeled
as two IDTs with two electrical ports, and two acoustic ports. The acoustic ports represent mechanical
waves traveling into and out of the IDT. The electrical ports represent the current and voltage of the
IDT. The matrix for a SAW delay line is simply the multiplication of the matrices for the two IDTs
and a matrix for the delay in between (Fig. 2).
a1

b1

w0+
w0t1

W0

a3

w1+

w2+

w1-

w2-

w3+
w3-

D2

W1

b3

t3

W2

W3

Fig. 2. Transmission line matrix model of a complete SAW delay line.

The transmission matrix is often used because it can be cascaded easily. The complete SAW device
matrix is given by:

[ SAW( f )] = ⎡⎣T1 ( f ) D1 ( f ) T2 ( f )⎤⎦ ,

(3)

where f is the frequency, Ti(f) is the transmission matrix for an IDT, and D(f) is the delay matrix. The
delay matrix (D(f)) is modeled after an acoustic transmission line and is given by:

⎡ j 2 vf π d
⎤
0 ⎥
⎢e
,
[ D( f )] = ⎢
2 fπ ⎥
−j
d
⎢⎣ 0
e v ⎥⎦

(4)

where λ is the wavelength at the center or synchronous frequency and d is the distance between the
reference planes, or in this case the center of the two IDTs.
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Each IDT is modeled separately as a single transmission matrix (Ti(f)) with one electrical port, and two
acoustic ports (Fig. 3).

Electrical Port
ai

Acoustic
Port

bi

w+i-1

w+i

w-i-1

w-i

Acoustic
Port

Fig. 3. Transmission matrix model of an IDT.

This allows the acoustic waves (Wi) and electrical parameters (ai and bi) to be related through the use
of transmission matrix Ti(f) in:
⎛Wi −+1 ⎞
⎛Wi + ⎞
⎜ −⎟
⎜ −⎟
⎜Wi −1 ⎟ = Ti ( f ) ⎜Wi ⎟ .
⎜ bi ⎟
⎜ ai ⎟
⎝
⎠
⎝ ⎠

(5)

The transmission matrix is decomposed into sub-elements, given by

t12 ( f ) t13 ( f ) ⎞
⎛ t11 ( f )
⎜
⎟
Ti ( f ) = ⎜ −t12 ( f ) t22 ( f ) t23 ( f ) ⎟ .
⎜ st ( f ) −st ( f ) t ( f ) ⎟
23
33
⎝ 13
⎠

(6)

The elements of the transmission matrix are given by:
t0 ( f ) =

Ga ( f )( Rs + Ze )
,
(1 + jθe ( f ))

(7)

t11 ( f ) = (1 + t0 ( f ))e jθt ( f ) ,

(8)

t12 ( f ) = t0 ( f ) ,

(9)

t13 ( f ) =

(2Ga ( f )Ze )
1+ jθe ( f )

jθt ( f )

e

2

,

(10)

t22 ( f ) = (1 − t0 ( f ))e− jθt ( f ) ,

(11)

t23 ( f ) = −t13 ( f )e− jθt ( f ) ,

(12)
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t33 ( f ) =

2 jθc ( f )
.
1 + jθe ( f )

(13)

The symmetry factor s is based upon the number of fingers (Nt):
s = − 1Nt .

(14)

The transit angles θe, θc, and θt, are given by:

θe ( f ) = (ωCt + Ba )( Rs + Ze ) ,

(15)

θc ( f ) = ωCt (Rs + Ze ) ,

(16)

λ
θt ( f ) = Nt δ .

(17)

2

The combined load or source impedance is Ze, and Rs is the combined IDT metal and lead resistance.
The frequency detuning parameter (δ) is given by

δ=

2π ( f − f0 )
− k11 ,
v

(18)

where v is the velocity, and k11 is the mutual-coupling coefficient and is given by:
2

⎛h⎞
k11 = k11 p + k11m + k11s ⎜ ⎟ ,
λ
⎝λ⎠
h

(19)

where h is the height of the metal fingers. The mutual coupling coefficient parameters k11p, k11m, and
k11s, are material dependent, for quartz they are 0.0004, 0.02, and 7.9 [3]. The total capacitance for the
IDT is given by:
Ct =

( Nt −1)
Cs ,
2

(20)

where Cs is the capacitance per unit length for a pair of fingers. The conductance (Ga) is given by [3]:
2

⎛ ⎛ θt ⎞ ⎞
⎜ sin ⎜ 2 ⎟ ⎟
2
2
Ga = 8k Cs f0 ( Nt −1) ⎜ ⎝ ⎠ ⎟ .
⎜ θt ⎟
⎜ 2 ⎟
⎝
⎠

(21)

And finally, the susceptance (Ba) is given by [3]:

⎛ sin (θt ) −θt ⎞
Ba = 16k 2Cs f0 (Nt −1)2 ⎜
⎟,
θt 2
⎝
⎠

(22)

154

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 150-159

4. Modified Matrix Method
For more accurate results than are given by the first order approach or the conventional method, the
matrix approach was extended to include second order effects such as the internal finger reflections [3,
6]. The model divides an IDT into ½ wavelength sections. These sections are further divided into
zones. Two of the zones are un-metalized areas (1/8 of a wavelength) around one zone that is
comprised of a metal finger (1/4 of a wavelength). Each zone is modeled by a transmission line matrix
equivalent circuit (Fig. 4). Two identical circuits model the un-metalized areas, while the middle
circuit models the area under the metal finger. The transmission matrix relates the SAW voltages V1
and V2, to the currents I1 to I2 respectively. The acoustic wave is assumed to have entered from the left
and travels through the element towards the right. In this model Zu and Zm are the acoustic impedances
for the metalized and un-metalized areas, C0 is the capacitance for a single finger, θu and θm are the
acoustic angles of the substrate, and the turns ratio of the transformer is assumed to be 1:1.

λ0

λ0

λ0

8

4

8

Metal Finger

Piezoelectric Substrate

I1

⎛θ ⎞
jZu tan⎜ u ⎟
⎝2⎠

jZucsc(θu)

⎛θ ⎞
jZm tan⎜ m ⎟
⎝2⎠

jZmcsc(θm)

⎛θ ⎞
jZu tan⎜ u ⎟
⎝2⎠

I2

jZucsc(θu)

V1

V2
1:1

1:1
C0

1:1

I3
V3
Fig. 4. Crossfield Model using Mason Equivalent Circuit for a ½ wavelength section of an IDT.

The transmission matrix representing the middle area shown in Fig. 4 is the circuit for a metalized
region that is assumed to be lossless and is given by:

⎡ cosh( jθm ( f )) Zm sinh( jθm ( f ))⎤
[ Rm( f )] = ⎢⎢ 1 sinh( jθ ( f )) cosh( jθ ( f )) ⎥⎥ .
m
m
⎢⎣ Zm
⎥⎦

(23)

The transmission matrix (23) is determined by the acoustic angle θm and the metalized region’s
impedance Zm. The impedance Zm is calculated with:
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Zm ( f ) =

1
,
k Cs H a f m
2

(24)

where k2 is the piezoelectric coefficient, Cs is the capacitance for a single pair of electrodes per unit
length, and Ha is the aperture width. The acoustic angle of the substrate θm, is given by

π f

θm ( f ) =

2 fm

,

(25)

where f is the frequency, and fm is the frequency shift caused by the velocity change as the acoustic
wave travels under the metalized area:
vm

fm =

λ

.

(26)

Where vm is the acoustic wave velocity under the metalized area and λ is the wavelength of the device.
The metalized velocity (vm) is 3134 m/s for ST cut Quartz.
The matrix (23) calculates the parameters for the metalized area, but cannot be used for the unmetalized sections. This leads to the transmission matrix (Ru(f)) for the un-metalized region as is given
by:

⎡ cosh( jθu ( f )) Zu sinh( jθu ( f ))⎤
[ Ru ( f )] = ⎢⎢ 1 sinh( jθ ( f )) cosh( jθ ( f )) ⎥⎥ .
u
u
⎣⎢ Zu
⎦⎥

(27)

The transmission matrix (27) is determined by the acoustic angle θu and the un-metalized region’s
impedance Zu. The impedance Zu is calculated with:
Zu ( f ) =

1
,
k Cs H a f 0
2

(28)

where f0 is the synchronous frequency of the acoustic wave under for the un-metalized area. The
acoustic angle of the substrate θu, is given by

θu ( f ) =

π f
4 f0

.

(29)

where f0 is the synchronous frequency of the acoustic wave, which is calculated using the acoustic
wave velocity under the un-metalized area. The un-metalized velocity (v) is 3158 m/s for ST cut
Quartz.
To find the transmission matrix for the ½ wavelength periodic element (RT(f)) one must multiply the
three matrices together for both metalized region and the un-metalized regions adjacent to it:

[ Rt ( f )] = [ Ru ( f )][ Rm ( f )][ Ru ( f )] .

(30)
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To find the transmission matrix (Q(F)) for an entire IDT one simply raises the (RT(f)) matrix to the
power of 2Np:
⎡⎣ IDT1 ( f ) ⎤⎦ = [ R t ( f ) ]

2Np

,

(31)

where Np is the number of electrode pairs, so 2Np is the total number of electrodes in the IDT.
The matrix for a SAW delay line is simply the multiplication of the matrices for the two IDTs and the
delay or space between the IDTs. The SAW matrix is given by:

⎡⎣ SAW ( f ) ⎤⎦ = ⎡⎣ IDT1 ( f ) ⎤⎦ ⎡⎣ D1 ( f ) ⎤⎦ ⎡⎣ IDT2 ( f ) ⎤⎦ .

(32)

5. Prototype Design
A simple SAW delay line that consists of two identical un-apodized IDTs was chosen as a prototype to
illustrate the capability of the models. Each IDT has 63 finger pairs that are 17 µm wide. The spacing
between the fingers is 17 µm also. The center or synchronous frequency is 46.44 MHz, or a
wavelength of 68 µm. The aperture height is 2730 µm. The delay length between the IDTs is
10 wavelengths or 680 µm. The design was fabricated on two different ST cut quartz wafers. One with
a single side polished, and one wafer with both sides polished. The aluminum thickness is 50 nm for
the wafer with a single side polished and 250 nm for the wafer with both sides polished. Also, a
112.78 MHz device was fabricated on the single side polish wafer. It has 90 pairs of 7 µm fingers, a
wavelength of 28 µm, and an aperture height of 1105 µm. The delay length is 104 wavelengths or
2.904 mm.

6. Results
All three methods adequately model the frequency response and amplitude for the main lobe and the
first two side lobes for cases without any mass loading due to the metal fingers (Fig. 5). The modified
matrix more accurately captures the frequency shift due to the mass loading of the metal fingers. In
Fig. 6, the ideal first order model (impulse response model) and the conventional matrix results are
both centered about the synchronous frequency. The measured results and the Modified matrix results
are both shifted down in frequency due to velocity changes from mass loading effects.
When comparing the measured data from the two figures, it is noticeable that the main lobe peak of
Fig. 5 does not have the same artifacts as are seen on the peak of the main lobe in Fig. 6. These
artifacts are due in part from bulk waves that are reflected from the polished bottom surface of the
wafer. The roughness of the non-polished surface disperses the bulk waves which results in diminished
artifacts in the main lobe peak (Fig. 5). Also note that the peak in Fig 6 is shifted farther away by mass
loading than the peak in Fig. 5.
While the models work well for the side lobes of low frequency devices at 46.4 MHz, as the frequency
increases the accuracy goes down for the side lobes (Fig. 7). The measured data shows higher order
effects and noise at 112.8 MHz that is not present in the lower frequency device data. These results
show that opportunities exist for improvements to both the models and the test setup. The inclusion of
higher order terms to the models will increase their fidelity. The fidelity of the test setup can be
improved by dicing the wafer or by the inclusion of gating functions in the time domain. Time gating
will allow the removal of unwanted reflections from adjacent devices on the test wafer without having
to dice the wafer and add absorber material to the devices. Essentially the addition of the gating
157

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 150-159

functions will allow us to take data on the wafer, while achieving the results as if the devices had been
packaged in an ideal manner.
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Fig. 5. Comparison of model results with data from a single side polish wafer, with 50 nm of aluminum.

Impulse Response
Conventional Matrix
Modified Matrix
Measured

Insertion Loss (dB)

− 20

− 30

− 40

− 50

− 60

44.3

45

45.7

46.4

47.1

47.8

48.5

Frequency (MHz)

Fig. 6. Comparison of model results with data from a double side polish wafer, with 250 nm of aluminum.
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Fig. 7. Comparison of model results with data from a single side polish wafer, with 50 nm of aluminum.

7. Conclusion
In this paper, results from prototype devices are compared to the Impulse Response model, a
conventional matrix model, and a modified matrix model. In the absence of mass loading from the
metal fingers and the associated frequency shift, all three methods model the main lobe and next two
side lobes fairly well. However, the results show that the modified matrix methods more accurately
modeled second order effects such as frequency shift due to the metal thickness of the IDT fingers.
Neither the Impulse response method nor the conventional matrix method model the frequency shift.
Therefore, the modified matrix method is the most accurate for a wider range of parameters such as
finger metal thickness. Future work will include a comparison the Coupling of Modes, the Impulse
Response model, and the modified matrix model. Also, to achieve higher fidelity our future models
will include higher order terms. To improve our wafer level test setup, time gating in the time domain
will be added to remove artifacts that would not be present if the devices were packaged in an ideal
manner with absorber materials.
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Abstract: This paper presents the design, the simulation and the fabrication process of two novel
pneumatically driven auxiliary micro tools that can be used to improve and to speed up assembling
processes in desktop factories. The described micro systems are designed to function as centrifugal
feeders for small glass balls or active clamping devices with small external dimensions. They are able
to deliver more than six balls per second on demand to a gripper and align and clamp single chips in a
fixed position. Copyright © 2009 IFSA.
Keywords: Pneumatic micro actuator, Piston, Micro tool, Centrifugal feeder, Clamping tool, Desktop
factory

1. Introduction
The increasing miniaturization of products sets high requirements to the micro assembly process of
tiny parts (e.g. micro lenses, optical fibers and bearing balls). Cost efficient and size adapted, modular
production lines - also called “desktop factories” (see Fig. 1a) - become more and more popular and
require handling tools in related dimensions.
Glass balls for precision bearings, metrology styli or optical lenses usually come in tiny plastic bags or
boxes and need to be manually prepared for further usage. A continuative machining with Pick-andPlace robots requires a well known position for each ball, which can be achieved by camera controlled
robot systems or extensively prepared ball magazines with defined storage positions. A similar
situation comes with the join partner, the object where the ball has to be assembled to. Without an
expensive camera system, the objects have to be well aligned and fixed in a defined position.
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Fig. 1. General view of the desktop-factory robot “PARVUS” (Institute of Machine Tools and Production
Technology, TU Braunschweig, Germany) [1, 2] (a); robot arm with mounted micro gripper (b); gripper gearing
grasping a 200 µm glass ball (c); top view of the pneumatic micro gripper, mounted onto an aluminum holder
(d).

To improve these assembling preparations, we developed a batch process to fabricate size adapted
parallel micro grippers (see Fig. 1b – 1d) and active micro assembling devices like centrifugal feeders
and clamping units (see Fig. 2 below), driven by micro pneumatic actuators.

Fig. 2. Micro-mechanical centrifugal feeder with separation unit (a); micro-mechanical clamping unit (b).

Since the idea of developing additional tools for the micro assembling process arose during the
fabrication of the pneumatic micro grippers, the functional components of the auxiliary micro tools are
similar in design to these already existing pneumatic systems. All moving parts of the new devices are
based on the pneumatic piston actuator concept, which has already been proved successfully in the
grippers [3]. The required air flow for acceleration and transportation of the glass balls in the system is
realized by additional air nozzles, drains and guiding channel structures.
Using a directed air flow for transportation of micro objects has been a research topic since several
years. The most common technique is the air flow table that uses a flat surface with a matrix of air
nozzles to produce an air film under the handling object that lifts and moves the device at the same
time. Guenat, et al. for example uses passive but varying tilted nozzles, which are partly
interconnected via micro channels under the table. Depending on the active nozzle row and the stream
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direction, the object is pushed into a different direction [4]. To reach a better motion control of the
device, Berlin et al. developed an air table design that uses electrostatic micro valves underneath each
nozzle to direct the moving air flow. Here as well the tilt direction of each jet is fix and given by the
fabrication process [5]. Another approach from Fukuta et al. also uses active nozzles, where the
direction of the escaping air at each opening can be controlled along one axis. The actuators
underneath each nozzle deflect the air jet from a neutral position sidewards. A matrix of alternating
nozzle directions leads to a controllable two dimensional motion table [6].
Compared to these pneumatically driven micro transportation systems, our design uses fixed channels,
nozzles and pneumatic micro cylinders to control the direction of the moving objects. In this case
contact between the cannel walls and the objects are secondarily important, while the air table design
intends a contactless motion of the flat objects.

2. Functionality and Basic Design
Basically all our developed pneumatic micro tools are made of a perforated silicon base plate
(containing pneumatic air in- and outlets), a lithographically structured SU-8 layer (including all
movable and fixed functional structures) and a patterned glass cover (filling holes).
The most important functional structure, of all systems is the pneumatic actuator. It is made of a
flexible and both-sides covered bellow structure (3600 x 1400 x 340 µm³) that deflects its piston
(3000 x 340 µm² work surface) when air pressure is applied (see Fig. 3). The actuation movement is
achieved by sealing gaps on top and bottom of the piston and the bellow structure. The later on
described fabrication process produces gap dimensions of 2 µm (sacrificial layer) on the bottom and
3 - 6 µm on the top (adhesive bonding process). These small essential gaps lead to an inevitable but
acceptable leakage air flow, which is guided away from the plunger and drained off through small
outlet holes.

Fig. 3. Schematic figure of the pneumatic actuator.

The pictured single piston actuator is driven by positive and negative pressure between 1 bar and 0.8 bar. Negative pressure pulls the piston backwards and positive pressure pushes it forwards.
Thereby the actuation force and deflection can easily be steered by the operating pressure. For a simple
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piston with connected plunger (see Fig. 4 and 5) the actuation frequency can reach cycle times up to
250 Hz. An attached gripper gearing (see Fig. 1d) limits this frequency to circa 50 Hz.

2.1. Centrifugal Feeder
Fig. 4 shows the first device, a micro centrifugal feeder with integrated separation unit which is used to
feed an assembling robot with 200 µm to 300 µm glass balls. The tiny bulk material is poured into the
round storage chamber and circularly accelerated by air pressure from the chamber nozzle. A
combination of centrifugal force and escaping air drives the glass balls into the outlet channel, where
two pneumatic cylinders separate single globes and free them on demand. Additional channel nozzles
push the balls through the channels and pneumatic deflecting actuators guide the balls to different
outlets, where the robot can pick up the object at a defined position. Deceleration of the glass ball at its
final pick-up-position is realized by an aspiration port in conjunction with a small bumper. The
aligning and separation process itself is described in more details in chapter 5 and Fig. 8. Using these
basic elements, several different storage chamber variations, nozzle configurations, chamber air drains,
outlet channel shapes and aspiration ports were realized.

Fig. 4. Schematic figure of the centrifugal feeder (left), outlet with opening for gripper pick up (right).

To avoid unexpected accumulations of the objects in the storage chamber, caused by disturbing
turbulences or calm areas, all chamber variations (see Fig. 6) were optimized by using CFD
simulations in the first place (see section 3).

2.1. Clamping Unit
The clamping unit (Fig. 5a) is designed to align small components (like mounting base plates)
automatically and fix them during the assembling process to avoid component slip. Pneumatic
actuators are used to push and jiggle the handling object against multiple stoppers and finally clamp it
in an aligned position. The fixation to the base is realized by vacuum holes underneath the object. In
case of a matrix like arrangement of several clamping units, an active clamping magazine could be
realized.
The design variations for this device include three and four stopper arrangements (compare Fig. 5a and
5b) and an optional clamping cylinder to hold the aligned component in position, even if all pneumatic
supplies are disconnected (not pictured). Sequence Fig. 5b to Fig. 5e illustrates an aligning and
clamping procedure of a disarranged device. Details on this process are described in section 5.
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Fig. 5. Schematic figure of the clamping unit (a); and several working steps during an aligning procedure (b-e).

3. Simulation
The numerical analysis of the centrifugal feeder was done by the finite element software CFD-RCTM
(Version V2007) from the ESI-Group Inc. The following parameters were used for the simulations: air
temperature 20 °C, specific density 1,204 kg/m³, dynamic viscosity 1,846×105 Pas, unstructured mesh.
Another important parameter for the simulation is the entry velocity of the compressed air. Since this
value depends on the used air supply, the switching valves and the used tube dimensions (all causing
pressure drop), this value was empirically determined with the later used experimental set-up. An air
flow sensor and a hollow needle with length and cross-section similar to the contemplated outlet
channel were connected to the valve-tube setup and the output velocity was measured for different
preset pressures. In comparison with the micro gripper, where a maximum pressure of 1 bar is used, a
maximum output velocity of 51 m/s was measured.
Several different entry velocities between 4 m/s and 51 m/s showed similar results on each chamber
design. The chamber shape variations however showed greater differences in velocity distribution.
Fig. 6 pictures four optimized designs with a nozzle entry velocity of 51 m/s. To reach a circular
airflow with little turbulence in all chamber shapes, the elliptical (Fig. 6c) and the half circle chamber
(Fig. 6d) had to be upgraded by an additional chamber nozzle. The dark (blue) regions show areas with
low velocity magnitudes, building the center of the circular airflow. These areas are susceptible to
result in “dead zones” for the objects and have to be as small as possible.
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Fig. 6. Airspeed distribution for different chamber geometries (entry velocity: v = 51 m/s) (a-d);
pressure distribution in the separation unit at different channel nozzle variations (e-f).

Additional to the airspeed distribution in the chamber, further simulation focal points were the pressure
distributions close to the chamber air drain and in the separation unit to guarantee a quick ball
discharge of the piston-trap. Two variations of theses channel nozzles are shown in Fig. 6e-f. The left,
narrow opening of the channel nozzle points behind the trapped ball to push the object out of the
piston-trap into the channel and the right one accelerates the ball towards the output. Since the pressure
difference between both sides of the ball is a measurement of effectiveness for a quick ball release, the
version with the oppositional pointed nozzle openings (Fig. 6f) was chosen for further
implementations.
The last simulation focal point is the branching of the outlet channels, where the computed velocity
distribution was used to reach a secure air guidance of the objects.

4. Fabrication
The fabrication process for the micro tools is presented in Fig. 7. First a 2 µm chromium-copper
sacrificial layer is sputtered onto a 360 µm silicon wafer and patterned lithographically (step 1). Then a
chromium etch stop layer, followed by a copper sealing layer is sputtered onto the bottom of the
substrate. The subsequent spun on and lithographically structured photoresist serves as a mask for the
following ICP dry-etching process, which creates the air in- and outlets in the silicon bottom plate of
the device (step 2). The metal layers are not affected. Now the resist is stripped and 340 µm Epon
SU-8 is spun onto the wafer and patterned by UV-lithography (step 3 and 4). The resulting SU-8
structures form all moving and mounting parts of the auxiliary tools. The movable structures are
released by removing the sacrificial layers. This also removes the copper sealing layer, freeing the
pneumatic bottom ports.
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Fig. 7. Process steps for the fabrication of active auxiliary tools.

The glass-cover is processed separately. First a titanium layer is sputtered and lithographically
structured on a 200 µm glass wafer. The structures function as conducting paths for the adhesive
deposition later on. To pattern the filling holes in the glass top cover, a two-sided gold-photoresist
mask is structured and the openings are etched in hydrofluoric acid (step 5). After removing the mask
layers, interconnected conducting paths remain and serve as target areas for an electrodepositable
photoresist, working as thermoplastic adhesive. Now both wafers are aligned and bonded in a heated
vacuum-holder, which uses the outside air pressure to compress both wafers with a uniform force onto
each other (step 6). Finally, all structures are separated with a dicing saw and glued to aluminum
holders or a PCB-board (Fig. 2) with attached tube connectors underneath.
As the adhesive sealing defines the height of the gap between the glass cover and the bellow structure,
the amount of adhesive has to be repeatable and on exactly defined positions on the wafer. The applied
electro-depositable “adhesive” depositing method, uses the thermoplastic photoresist “Intervia 3D-N”
as adhesive, and affords an easy way to achieve repeatable amounts of adhesive on predetermined
areas. Details to the adhesive deposition and the bonding process are explained in [3, 7].

5. Characterization
To characterize the fabricated systems, an experimental setup containing a pneumatic control system
with 16 fast switching valves, 4 proportional valves, vacuum generator and PC-interface, LabView
software, a cold light source, and a high speed camera (FASTCAM 1024 PCI - Photron company) with
attached PC-interface is prepared.
After pouring 3 to 25 ruby glass balls (diameter 300 µm) into the storage chamber, the opening is
covered with a small glass plate (Fig. 8 a). A typical testing sequence blows air with around 200 mbar
(17 m/s) through both chamber nozzles 1+2 and accelerates the balls up to 8.5 m/s. Milliseconds later,
some glass balls string in front of the separation unit (Fig. 8 b). After 300 ms, piston A pulls the tappet
back and the balls are pushed into the separation unit (Fig. 8 c). After 30 ms, the piston moves
forwards and separates a single ball (Fig. 8 d). 20 ms later, piston B pulls backwards and frees the
trapped ball. The outlet channel nozzle 3 accelerates the ball (Fig. 8 e) to the deflection pistons C or D,
which guides it to the correct outlet. After 20 ms, piston B returns and the next ball can be separated.
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Fig. 8. High speed camera pictures (top) and corresponding drawings (bottom) of the elliptical system (a);
and magnifications of the separation unit for varying times (b-e).

Repeatable tests with both round and elliptical systems prove that it is possible to release at least
6 balls in less than 840 ms on demand, if more than 5 additional balls are left in the system to
guarantee a continuous ball supply. After the line-up sequence has occurred, releasing a single ball
after another takes less than 90 ms per ball.
The experimental testing of the clamping unit occurred by placing a silicon chip with distorted
orientation in the device area (Fig. 5b and 9a), followed by a sequence of simultaneous or alternating
piston strokes (Fig. 5 c-d). After jiggling the object against the stoppers and finally clamping the object
simultaneously with both pistons, vacuum holes in the bottom of the unit fix the chip at its reached
position (Fig. 5 e).
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Fig. 9. High speed camera pictures showing the clamping unit at the beginning
and the end of the aligning process.

Multiple tests showed that simultaneous piston strokes can align and fix the object with the four
stopper arrangement directly with the first stroke (less than 80 ms). The alternating method needs more
than one stroke (120 ms). Unlike to the four stopper method, three bumpers sometimes caused device
jamming. Object movement and the achieved final device position were analyzed by comparing the
high speed camera pictures. Further in-depth measurements are planed to determine the repeating
accuracy of the designed systems.

6. Conclusions and Outlook
This paper presents a size adapted design for a micro technological centrifugal feeder combined with a
clamping unit for small desktop factories. Further on, it shows exemplarily simulation results from the
developing process and describes the fabrication process. The first characterization results were
documented and interpreted by using high speed camera shoots and pictures. Both auxiliary micro
tools were successfully tested: they proved the practical realization of the laboratory prototype. During
theses first studies, the centrifugal feeder was able to repeatably release six 300 µm glass balls in less
than 840 ms. The clamping device aligned silicon chips in 80 ms.
The next step from the first laboratory set up for proving the functionality of the developed systems,
leads to the integration of the devices into an experimental robot system. By doing this, the
collaboration between the active auxiliary tools and the desktop robot “PARVUS” has to be
determined. A first test set up for this tool combination is presented in Fig. 10. Here the centrifugal
feeder which delivers the balls is placed on the left, the passive magazine is placed in the middle and
the clamping unit is arranged on the right side of the robot working field. The pneumatic air supply
connection between the auxiliary tools and the pneumatic control system is realized by flexible hoses.
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Fig. 10. Desktop-factory robot “PARVUS” (Institute of Machine Tools and Production Technology,
TU Braunschweig, Germany) with integrated centrifugal feeder, clamping unit and passive magazine.
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Abstract: We present an in-situ sensitivity tuning method for MEMS (micro-electromechanical
systems) microphones via the growth/retraction of nano-electrodeposits to achieve high directionality in
hearing aid applications. Nano-electrodeposits are electrochemically grown and dissolved on an
Ag-doped Ge-Se solid electrolyte film on a microphone diaphragm using a DC bias at room temperature.
The growth and retraction of the nano-electrodeposits generate mass/stress redistribution on the
diaphragm, tuning the microphone sensitivity to incoming acoustic sources. Acoustic measurements
demonstrate that the directional microphone can achieve a 1.3 dB Directivity Index (DI) improvement
upon nano-electrodeposit growth and 0.9 dB DI reversal on nano-electrodeposit retraction.
Copyright © 2009 IFSA.
Keywords: Micro-electromechanical systems microphone, Nano-electrodeposits growth and retraction,
Sensitivity adjustment, Sensitivity tuning, Directivity index

1. Introduction
Inadequate fitting in hearing aids degrades performance particularly in environments in which speech
sound is heavily masked by noise [1]. Hearing aids should therefore be directional to suppress unwanted
acoustic sources [2]. Matching sensitivity in multiple microphones is very important to improve
directionality in hearing aid technology [1]. Moreover, the sensitivity may drift over time, causing a
mismatch that is not present at the time the hearing aid is manufactured [4]. Generally, manufacturers
match microphones manually under laboratory conditions, but associated operational and manufacturing
costs are substantial. In order to calibrate the relative outputs from the two microphones, advanced
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DSP circuits can be used which add gain at the output of one of the microphones [5], [6], [7]. This
electronic tuning adds significant complexity and power, resulting in reduced battery lifetime.
Non-electronic tuning techniques have been studied but they require high temperature, specific gas
environments, and are generally not reversible [8], [9]. In this work, we present an in-situ non-electronic
mechanical tuning technique using nano-electrodeposits integrated with a microphone membrane for
directional hearing aid applications. The technique operates at room temperature, consumes very little
power, and is both non-volatile and reversible. This technique has great potential to adjust microphone
sensitivity to attain directionality and may be used to achieve a customized fit to a hearing aid user’s
needs, even after the unit leaves the manufacturing facility.

2. Device Design and Operating Principle
2.1 Device Design
Fig. 1 (a) shows a dual MEMS microphone with integrated Ag-Ge-Se solid electrolyte. The microphone
has three major parts: a suspended multiple-layer diaphragm, including 3000 Å parylene, 3000 Å Au,
3 µm parylene, 3000 Å SiO2, and 3200 Å Ag-Ge-Se layers from bottom to top, top/bottom electrodes to
detect capacitance change, and cathode/anode electrodes to grow nano-electrodeposits [10]. Fig. 1(b)
shows an AFM photo of the morphology of the grown Ag nano-electrodeposits (height ~90 nm). The
electrodeposits are grown from an electrochemically-inert cathode, made of nickel, toward an oxidizable
anode, made of silver.

Fig. 1. (a) A top view of a fabricated dual capacitive omnidirectional microphone covered by Ag-Ge-Se solid
electrolyte on a suspended parylene diaphragm; and (b) grown Ag nano-electrodeposits from a cathode on a
parylene diaphragm, pictured by AFM.

2.2. Operating Principle
A schematic of the nano-electrodeposit growth process on an Ag-Ge-Se solid-state electrolyte layer is
illustrated in Fig. 2. An oxidizable electrode (anode) and an electrochemically-inert electrode (cathode)
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are placed on an Ag-doped Ge-Se film. During the oxidation process, an electron is separated from an
atom, creating an ion. These charged ions move in the solid electrolyte due to an electric field supplied
by an external DC bias (1 ~ 6 V). Transported ions are reduced at the cathode and the resulting
electrodeposit grows toward the anode. The growth is non-volatile (remains when the power is
removed), occurs at room temperature, and is reversible. The retraction occurs upon application of a
reverse bias which results in the dissolution of the electrodeposit. Fig. 3 shows the tip of the nickel
cathode; Ag nano-electrodeposits grow on a suspended parylene diaphragm upon application on a DC
bias voltage (3V). The growth is dendritic from the cathode to the anode and the growth rate is
approximately 100 µm/sec.

Anode

Cathode

(Ag)
+ +
+ +

(Ni)
- - E-Field

Vbias
GeSe2
Solid Electrolyte

Ag+

Ag

Fig. 2. Schematic of electrodeposition mechanism in Ag-Ge-Se solid electrolyte.

Fig. 3. Photomicrographs of growing Ag nano-electrodeposits on a suspended parylene
diaphragm integrated with Ag-Ge-Se solid electrolyte.
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3. Fabrication and Experimental Setup
3.1. Fabrication
The fabrication process flow for integrating the capacitive microphone with the nano-electrodeposit
scheme is illustrated in Fig.4 (a). The seven-mask process includes evaporation of the Ag-doped Ge-Se
solid electrolyte on the parylene diaphragm suspended over a silicon substrate. C-type parylene is used
for the diaphragm because of its excellent electrical and mechanical properties. All metal patterning is
performed by lift-off processes. (a) The suspended diaphragm has two layers of parylene. The first
parylene layer (3000-Å thick) is coated on a 1-µm thick sacrificial oxide layer on the silicon wafer to
provide electrical isolation between the top and bottom electrodes. The parylene layer is etched in an
oxygen plasma for 1.5 min at an etch rate of 2000 Å/min under 15-sccm oxygen, 100-W RF power, and
500-V bias. A 3000-Å thick top electrode (Cr/Au) is then deposited and patterned on this first parylene
layer. A second parylene layer (3-µm thick) is coated on the top electrode and patterned in oxygen
plasma for 15 min. This second parylene layer is the main structural layer of the diaphragm. (b) Ge30Se70
base glass (2400-Å thick) and silver layers (800-Å thick) are thermally evaporated sequentially without
breaking vacuum inside the evaporator and patterned on the diaphragm. The optimized thickness ratio of
Ge-Se to Ag to ensure the highest Ag+ ion concentration in the electrolyte is approximately 3:1
according to previous work [11]. (c) Immediately after the deposition of the bilayer, photo-dissolution
using UV exposure for 15 min diffuses silver into the Ge-Se layer to form the solid electrolyte [12]. The
UV light triggers formation of charged defects that react with silver; this results in a superionic Ag-Se
phase formation within the film [13]. (d) The anode (silver) and cathode (nickel) are separately
evaporated and patterned on the diaphragm. (e) The bottom electrode is formed by removing the 1-µm
thick oxide by buffered oxide etchant for 50 min, and Cr/Au metal films are evaporated and patterned to
access the silicon substrate. (f) Finally, the diaphragm is defined by Deep Reactive Ion Etch (DRIE, STS
Inc.) from the back side of the silicon wafer at an etch rate of 3 µm/min. We used a standard SF6/C4F8
alternating etch process (12 sec/8 sec, 130 sccm/85 sccm) and 800 W/10 W coil/platen powers,
respectively. The diaphragm is then released by using concentrated hydrofluoric acid for 15 min to
remove the 1-µm sacrificial oxide layer. Fig. 4 (b) shows nine dissembled elements of the fabricated
MEMS capacitive microphone, including, from top to bottom, anode/cathode electrodes to grow/retract
the nano-electrodeposits, silver/GeSe thin layers, 1st parylene layer for the diaphragm, top/bottom
electrodes to sense the capacitance change, 2nd thin parylene layer for protecting devices during the wet
etch process, a sacrificial SiO2 layer, and silicon substrate with back-side cavities.

3.2. Experimental Setup
The experimental setup and acoustic calibration system are shown in Fig. 5. All experiments were
performed in an anechoic chamber to minimize electromagnetic noise. The microphone and readout
circuit are mounted on a PCB and placed inside a Faraday cage to minimize unwanted noise as shown in
Fig. 5(a). Two variable capacitors model the MEMS microphones. The amplified outputs of the variable
capacitors are fed to a differential amplifier to read the mismatch. The readout circuit has a passband of
0.1 ~ 100 kHz and a sensitivity of 300 mV/pF. The operating principle of the readout is as follows: the
microphones are biased by high-impedance resistors (R1 and R2, 10 MΩ) to 250 mV (Mic_pwr by a
voltage divider of R7/R8). External acoustic excitation actuates the charged microphones diaphragms to
produce voltage changes, which is modeled as a change in the variable capacitors by voltage sources
(V1 & V5). The voltage sources mimic acoustic excitations which have 20 pV offset voltage and 0.1 pV
amplitude in a frequency band of 0.5 ~ 7 kHz. The offset voltages model the mismatch of the
microphones. The induced voltage change on the microphone passes through an isolation capacitor (C1)
as a displacement current, and is amplified by an AD8607 amplifier with 100x closed-loop gain set by
R3 and R6. The response of the circuit shows both high and low frequency loss. The low frequency
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response of the circuit is limited by charge-retention in the bias resistor. When the RC time constant is
the same order of magnitude as the signal period, voltage discharge across the bias resistor dominates the
circuit loss. The low frequency cutoff can be improved by using a larger resistor; however, doing so
reduces the gain of the circuit. The 100 MΩ bias resistor balances the circuit bandwidth and peak output.
At very high frequencies, the loss results from signal leakage as displacement current through the
microphone [11].

(a)
9. Anode/cathode electrodes
8. Silver layer
7. GeSe thin layer
6. Parylene diaphragm
5. Bottom electrodes
4. Top electrode
3. Parylene thin layer
2. SiO2 layer

1. Silicon substrate
w/ backside cavities

(b)
Fig. 4. (a) Fabrication process flow and (b) elements of the capacitive microphone integrated
with Ag-Ge-Se solid electrolyte.
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Fig. 5(b) shows acoustic calibration result over the wide range of incident SPL from 20 to 90 dB SPL,
performed in an acoustic chamber. The readout circuit is powered by DC power supplies (to remove the
periodic 60-Hz noise) with 87-dB input Sound Pressure Level (SPL) at 3 kHz. The response is very
linear as a function of incident SPL (a regression (R2) of 0.9999).

(a)

(b)

-20
2

Readout
voltage
Readout
(dB) (dB)

R = 0.9999

-40

-60

-80

-100
20

40

60

80

100

Incident SPL (dB)

Fig. 5. (a) Experimental setup to test microphone directionality: 1.5-V Li-ion batteries have been used to grow
nano-electrodeposits and remove the periodic 60-Hz noise and (b) wide range of Sound Pressure Level (SPL)
versus the output of the readout circuit.

4. Device Characterization
Fig. 6 shows frequency responses of microphone sensitivity upon nano-electrodeposit growth and
retraction. The initial sensitivity is 34 dB after 100x amplification. The sensitivity is tuned by 2 dB and 1
dB upon the growth and retraction, respectively. Generally, in order to avoid hysteresis, the retraction
bias voltage is two times higher than growth bias voltage and shorter growth time (less than 10 sec) is
required. However, due to the hysteresis, frequency response after retraction does not return to the initial
response.
Fig. 7 shows acoustic polar plots, demonstrating directionality tuning of the microphone from 500 Hz to
3 kHz upon the nano-electrodeposit growth and retraction. The initial mismatch between two
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omni-directional MEMS microphones is 2 dB and shows 2.0 dB DI at 1 kHz. As the growth continues,
the polar plot patterns become closer to “Figure 8” patterns in every frequency range, indicating high
directionality. Consequently, DI is enhanced by 1.3 dB with nano-electrodeposit growth and reversed to
an initial stage by retraction.
Fig. 8 shows power consumption of the nano-electrodeposit growth upon 3-V bias. Rapid power
consumption occurs during the first 2-3 sec. For duration of 50 sec, the maximum power consumption
reaches at 82 µW.

Sensitivity (dB, re 1V/Pa)

1000
-30

Frequency (Hz)

10000

-35

-40

Reference microphone
Retraction 10 V for 30 sec
Growth 5 V for 30 sec

Fig. 6. Frequency response over sensitivity upon nano-electrodeposit growth (5 V for 30 sec)
and retraction (10 V for 30 sec).

5. Conclusions
We demonstrated a cost-ineffective mechanical tuning techniques for MEMS microphones for hearing
aid applications - in-situ tuning performed by growing and retracting nano-electrodeposits on a solid
electrolyte layer integrated with the suspended parylene diaphragm of a MEMS microphone. The
sensitivity tuning result shows a 1.3 dB DI improvement on growth and 0.9 dB DI reversal on retraction.
The nano-electrodeposits are controlled by a DC bias at room temperature, and the technique consumes
less than 100 µW during tuning, with no power consumption following adjustment. By optimizing the
sensitivity, this technique is suitable for providing a customized fit to a hearing aid user’s needs,
removing drift and mismatch caused by the environment in the ear canal. Also, the technique has
potential in other microdevice applications, such as resonant frequency alteration, sensitivity matching,
and post-packaging trimming. The in-situ tuning technique using integrated nano-electrodeposits offers
a step toward reducing post-production costs and minimizing existing limitations.
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Fig. 7. Directionality tuning of the dual microphone on a polar plot from 500 Hz to 3 kHz as rotation of in-plane.
DI is enhanced with grown Ag nano-electrodeposits and reversed close to initial condition
with retracted Ag nano-electrodeposits.
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Fig. 8. Power consumption over growth time upon 3-V bias voltage application. Power consumption is
approximately 80 µW during nano-electrodeposit growth for 50 sec.
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Abstract: This paper introduces a novel application of MEMS accelerometers in consumer electronics
for ‘Virtual Button’ technology. The MEMS accelerometer is designed to measure low-g acceleration
and sense tapping motion on a cell phone, consumer electronic, medical user interface, or harsh
environment user interface. In this paper we outline this patent pending application and discuss the
modeling and analysis of the accelerometer designed for this purpose. Prior art in impulse localization
with inertial sensors is discussed. The features of the Virtual Button user interface are presented and
applications of Virtual Buttons to medical, touch screen, and hand-held electronic devices are
discussed. The initial considerations for the design of an accelerometer with an operating range of
0.5-20 and noise levels of less than 0.124 mg (Hz)^0.5 are also presented. Copyright © 2009 IFSA.
Keywords: MEMS inertial sensors, Consumer electronic devices, Virtual button technology, Infection
control, User interface

1. Introduction
Lower prices, advances in packaging, durability and sensitivity ratings have allowed MEMS (Micro
Electro Mechanical Systems) to move from automotive and industrial applications into the consumer
electronics market. The use of MEMS inertial sensors in consumer electronics devices has become
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popular in recent years. Currently, their main use includes tilt detection, gesture recognition and drop
detection. This paper discusses a novel patent pending application of MEMS accelerometers which is
meant to augment or replace mechanical buttons and capacitive touch screens on small consumer
electronics devices such as cell phones.
“Virtual Buttons” are extremely rugged and ideal for harsh environments such as industrial and military
applications. Virtual Buttons are also ideal for sensitive environments such as those found in medical
applications because buttons can be placed on any existing surface, including curved surfaces, and there
are no cracks or crevices, not even small crevices as found around membrane buttons. Because there is
no direct connection between the interior and exterior of the device, the Virtual Button is safe for steam
chambers and ethylene oxide cleaning and can be made IP 68 compliant. The technology relies on the
use of MEMS accelerometers to create ‘Virtual-Buttons’. A Virtual Button is a predetermined input
signal based on the amount of acceleration, its direction, its duration and its respective patent pending
recognition software. These Virtual Buttons can therefore be programmed and completely
customizable. Virtual Buttons can be assigned any role by the programmer or user, and possibly placed
anywhere on the device depending on the user requirements and spatial resolvability.
The technology behind Virtual Buttons relies on vibration analysis principles and pattern recognition
composite vibration profile to locate the precise position of the tapped Virtual Button input on the
device. While some of the pattern recognition and vibration analysis concepts required for Virtual
Buttons are commonly used in the fields of voice recognition, optical character recognition, and
vibration testing, they have been combined in a novel set of algorithms for the purposes of Virtual
Button detection. Properties such as the resonant frequency of the device under test (DUT), its
damping, amplitude as well as modes of vibration are analyzed. The distinction between current inertial
sensor input schemes (e.g. tilt, gesture recognition, etc.) and this Virtual Button implementation lies in
the input analysis scheme. For tilt and gesture recognition, the inertial characteristics of the DUT are
analyzed to determine overall movement while Virtual Button technology allows determination of
impulse location. Prior methods of using inertial sensors for determining location of impulse normally
rely on triangulation of signals or analysis of surface waves. For the Virtual Button case, accelerometer
signals reflective of the rigid body, bending, and twisting modes of the DUT are analyzed to determine
location of impulse, allowing greater freedom in location of sensing hardware and user input surface.

2. Initial Signal Characterization
Critical parameters in the development of a MEMS accelerometer for a user interface based on the
dynamics of motion include size of sensor proof mass, damping of proof mass, natural frequency, and
method of transduction. Each of these parameters should be designed for the type of input signal to be
sensed. Therefore it is essential to characterize this input signal.
Measurements were made with a Dytran 3035AG accelerometer affixed to the side of a Samsung SGH
Ee316 mobile phone. Tapping intensity is described as light to medium and is expected to be close to
the intensity in commercial use. 0shows the time domain response for the tapping test. The graphs show
that the amplitude of acceleration is roughly between 10 and 20 m s 2 .
The measurement also includes the natural frequency of the phone in the horizontal in-plane rotational
mode with 11-12 Hz. The input acceleration in the contingency of dropping the device on concrete from
a height of 1m was simulated resulting in a maximum acceleration of 45,000 m s 2 . The MEMS
accelerometer will be designed to withstand such inputs without damage. Only one mode of vibration
on the Samsung phone was investigated for these measurements. Future work will characterize all the
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primary modes of vibration and the first bending mode to ensure that these modes fall within the
amplitude and frequency domains determined above.
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Fig. 1. Time history input characterization (A): Tapping on bottom of phone
(B): Tapping on top of phone.

3. Prior Art in Impulse Recognition
Several companies, including IBM [1], Qualcomm [2], Research in Motion [3], and Seiko Epson [4],
have developed Time Difference of Arrival (TDOA) methods to triangulate the position of an input.
Such methods use microphones or inertial sensors. Each of these patent/patent applications enables a
tap localization method to a greater or lesser extent.
The triangulation or TDOA method is completely different from the tap localization of VBT
Innovations Inc. discussed in this paper that analyzes accelerations and vibrations in determining
unique shapes and composite vibration profiles.
HTC and Samsung have both filed patent applications [5], [6] that use very simple methods of
determining the location of an impulse input, and are limited to a very course resolution of inputs. The
methods disclosed in these patents are not related to the VBT method.
A method of categorizing the location of an impulse using acoustic signals has been disclosed by
Sensitive Object [7]. This patent discloses an impulse localization method with very specific analysis
of acoustical waves that travel in an acoustical interface when the interface is impacted.
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The disclosed comparison methods by Sensitive Object are significantly different from the patent
pending methods of VBT in at least three important ways: 1) physical phenomena analyzed,
2) comparison algorithm, and 3) functionality offered. Sensitive Object relies on acoustical signals
while VBT focuses on lower frequency motion and vibration of a device. Sensitive Object discloses
very specific algorithms used for comparing high frequency acoustic waves, notably time domain
multiplication of sensed signals with reference signals and frequency domain multiplication of phase
components of sensed and reference signals. Finally, the differences in physical phenomena measured
dictate unique functionality offered by VBT Innovation Inc. (VBTI) CVP method compared to the
functionality offered by the Sensitive Object method, notably that sensors can advantageously be
placed on the Printed Circuit Board (PCB) of the connected electronic device as opposed to the
acoustic interface that is receiving an impulse.

4. Features of Virtual Buttons
4.1. Flexibility and Scalability
Virtual Buttons can be applied to the existing surfaces of nearly any device. No overlays, glass covers,
borders, cracks or crevices are needed. Furthermore, there is no restriction on thickness or material of
the surface to which Virtual Buttons are applied.
Virtual Buttons can be applied to a wide array of geometries and contours. This technology does not
suffer from the same restrictions of many touch sensitive methods that are constrained to planar
surfaces. Capacitive and resistive touch screens, for example, require the application of thin layers on
all interactive surfaces.
This technology is highly scalable with applications ranging from hand-held devices to wide screen
televisions. Such functionality can be achieved without the need for additional sensors. In contrast, the
cost of traditional capacitive and resistive touch screen technologies rapidly increases with increasing
size.

4.2. Entire Device Surface
The addition of Virtual Button technology to a device frees up the entire device surface for touch
input. User’s interaction is enhanced through the use of all devices surfaces: the sides, back, base or
any other edge. These buttons can be configured to control device peripherals, navigate in the user’s
operating system or interact with specific applications.

4.3. Optical Clarity
Capacitive and resistive touch screen technology requires an overlay that reduces the clarity of the
underlying image with possible adverse effects to image quality (such as brightness, contrast and color
fidelity). Even Surface Acoustic Wave (SAW) methods require a piece of glass as an overlay, which
blocks ~10 % of the light transmission. With Virtual Button technology, this is not the case. Because
vibrations are used to determine characteristics of an impulse, no overlay is required, not even a sheet
of glass. Virtual Buttons can be applied to any existing surface with 100 % uncompromised optical
clarity.
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4.4. Harsh Environments
Military and industrial settings often subject user interfaces to extreme conditions of dust and dirt, rain,
pressurized washers, and even immersion, temperature extremes, and shock extremes. There are two
ways in which a harsh environment affects a user interface. First, the harsh environment itself can
compromise the user interface and potentially cause it to fail, and second, the harsh environment may
modify the way in which a human might interact with the user interface. Humans wearing gloves
because of the environment have a different form factor than the straight human finger. Gloves will
also not work with many types of traditional touch screens.
While many user control interfaces would fail as a direct result of a harsh environment, Virtual
Buttons can meet IP-68 requirements of being immersion proof and dirt proof, and are also well suited
for temperatures of - 40 °C to 125 °C and can survive shocks of 200,000 m/s^2.
Virtual Buttons are not subject to wear-out mechanisms related to usage, reducing the maintenance
costs and cost of ownership.
For military devices with a traditional user interface, this interface can be augmented by Virtual
Buttons so that even if the traditional interface fails, critical commands and functionalities are still
available.

4.5. Sensitive Environments and Infection Control
Clean, easy to sterilize environments and devices are becoming more important for infection control in
the medical field. [8] Traditional mechanical buttons, touch screens, and membrane buttons have small
cracks or crevices around the edge of the interface giving “superbugs” a place to hide and causing
problems for infection control. Because Virtual Buttons do not require any hardware on the outside
surface of a device, no cracks or crevices are introduced. The featureless surfaces of a medical device
with a Virtual Button interface allows for simple, quick, and effective sterilization procedures. No
shelter is given to the “superbug” and hospital workforce efficiency is increased.

4.6. Integrated Directly into Existing Manufacturing Processes
All the hardware required for the Virtual Button user interface can be surface mounted to the existing
printed circuit board of a device. Depending on the application, the Virtual Button user interface can
use existing memory, processing power, and power supply, and the only addition to the bill of
materials would be several surface mount sensors of approximately 5 mm x 4 mm for a total
distributed footprint of <150 mm2. Adding Virtual Button capability can be integrated in the existing
manufacturing process.

4.7. Activated Surface Border
Nearly all user interface solutions require some kind of border around the outside of the activated
surface. These borders have widths of 5 - 50 mm and depths of 0 - 25 mm for an activated surface.
Such a border means there is a strip around the edge of the interface that can’t be used for display
purposes. This becomes problematic if multiple adjacent display surfaces need to have tap capability,
as a “mullion effect” is introduced, breaking up the displayed image and interface. Virtual Buttons
require no border at the edge of the activated surface.
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4.8. Choice of Touch Instrument
Users may have preferred interaction methods or input devices. The Virtual Button interface can
distinguish between several modes of input such as a user's finger, a pen or credit cards. The device
can then respond appropriately to different input modes.
A graphic artist may prefer to use a stylus. Restaurant patrons and servers may prefer to use credit
cards. Other users may enjoy the simplicity and feel of using their fingers. Virtual Buttons can
accommodate all these users.

4.9. Intelligence
As well as determining a touch or impulse input location, the VBT algorithms characterize touch
intensity/pressure and touch focus. Touch intensity is a measure of the force with which a user impacts
the device. Touch focus is characteristic of the input impact impulsiveness. As an illustration, a stylus
typically produces a more impulsive accelerometer signal and hence a sharper focus than the blunt
portion of a user's finger.
Pressure and focus sensitivity can be used to enrich the user experience by adapting specific functions.
Sensitivity can be applied to audio/video playback, digital painting and other programs. For example,
tap intensity on an audio button serves as an indication of desired volume.

4.10. Cost
The low initial and operation costs of Virtual Button technology is made possible by recent
developments in the MEMS industry. The cost of implementation of Virtual Buttons is a small fraction
of competing touch surface sensing technologies such as those based on capacitive and resistive
methods. Since existing memory, processing power, and power supply of a unit would be sufficient,
and as the technology can be implemented without further manufacturing engineering, the only
additional expenditure relates to the cost of the sensors, at a total estimated cost of $6-$12.

4.11. Resolution
On a test prototype of a Blackberry hand-held device a resolution was obtained on 10mm x 10mm
allowing 48 tap locations on the front, back, sides, top and bottom. Preliminary tests show 92 %
accuracy with this resolution. Higher accuracies have been attained with another prototype based on an
LCD monitor with a 3x3 grid overlay.

4.12. Options – Drag & Drop, Multi-touch
This touch recognition method is based on the analysis of the vibration of portions of the device. This
method is most reliable with impulsive taps. Virtual Button technology does not currently provide drag
and drop capabilities since such operations do not produce sufficiently significant vibrations for
accurate tap recognition.
Virtual Buttons currently doe not provide multi-touch capabilities.
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5. Applications of Virtual Buttons
5.1. Medical Applications
Medical applications of Virtual Buttons include control of point of care test equipment (POCT) and
medical tablet PCs, emergency buttons on hospital beds, and control of medical equipment arms. Here
we describe the application of Virtual Buttons on Medical Clinical Assistants (MCAs) a tablet PC
especially used by medical professionals.
Mobile Clinical Assistants (MCAs), Fig. 2, can be carried around by doctors, nurses, and other healthcare professionals. MCAs are gaining popularity in hospitals as they increase productivity by moving
to fully Electronic Medical Records (EMRs). MCAs are replacing Computers on Wheels (COWs)
because the small form factor makes them easily accessible and moveable from room to room.
Furthermore, MCAs are far easier to sterilize than COWs. There are unique needs in the MCA field
that can be met by the Virtual Button technology developed by VBTI.

Fig. 2. Example Mobile Clinical Assistant (MCA) [9].

Integrating Virtual Button technology offered by VBTI will enhance functionality and increase
efficiency of the flexible MCAs. While there are many ways in which Virtual Button functionality can
enhance the functionality, two examples of the type of functionality enhancements will be sufficient to
show both the flexibility of the impulse recognition method of VBTI and how it can improve an MCA.
There are several programs commonly used by healthcare professionals and it is desirable that these
programs can be quickly launched and that the user can quickly switch between active programs. This
is easily accommodated with VBTI technology by adding five virtual buttons on the plastic casing
along the side of the existing touch screen. Each of these buttons would correspond to the five main
applications or functionalities of the MCA. To launch or switch to a particular application, the user
would just have to tap the corresponding virtual button, saving the time associated with moving the
cursor over a “Start menu” and choosing the program from a list. These buttons are shown as the blue
circles beside the display in 0naturally, if there are more than five common applications, the number of
virtual buttons can be easily increased.
A “scrolling” functionality can also be easily incorporated on a tablet PC. The user simply impacts or
taps on the side of the device in the direction of intended scrolling. This allows for quickly scrolling
through large databases or lists of medicine or patient information. These buttons are shown with the
blue arrows around the outside of the MCA in 0
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Even with the two examples described above, there is plenty of space available on the housing, and
even on the screen of the MCA, that can be enhanced with Virtual Buttons at no addition to the bill of
materials once the two functionalities described above have been incorporated. Virtual buttons can be
placed anywhere on the entire surface with a resolution of at least 2.5 cm. Increased resolution is
expected with further development work.

Fig. 3. A Mobile Clinical Assistant (MCA) can be active anywhere on the existing surface with a resolution
of at least 2.5 cm, the arrows and circles show a few of the possibilities of Virtual Buttons
on the existing casing of the device.

5.2. Touch Screen Applications
With a motion sensor based system it is possible to augment existing monitors and screens with touch
capabilities. Additionally, projected displays of any size can now be made interactive with no
compromise to image quality.
Virtual Buttons extend interaction to include all the surfaces of the monitor including the edges, sides
and corners, as well as the support structure.

5.3. Hand-held Consumer Electronics (MD)
Due to the small footprint and low power consumption of the MEMs accelerometers Virtual Buttons
are ideally suited for hand-held consumer electronics applications. Virtual Buttons can be placed on
the hand-held device's screen, on the curved portions of the device or its edges. They may even be
overlaid on top of existing user interfaces.
Virtual Buttons offer flexibility to OEMs and end-users. Since input locations are defined through
software, users have the ability to define their own button layouts and functionalities.

6. Initial Considerations in Modeling of Accelerometer
In the evaluation of the performance of accelerometer designs, a set of lumped-parameter models is
used to describe the device behaviour as a function of physical design variables. The accelerometer is
modeled as a spring mass damper system as shown in Fig. 4.
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Fig. 4. Spring-mass-damper Model for the accelerometer.

The differential equation for the displacement x as a function of external acceleration ( a ext ) is:
mx

d 2x
dx
+ βx
+ k x x = Fext = maext
2
dt
dt
,

(1)

where k x is the spring stiffness, β x is the damping coefficient, m x is the effective mass, Fext is the
external force, and a ext is the external acceleration. Analytical models of the spring constant, effective
mass and the damping coefficient as functions of the design variables are given in the following
sections [10].

6.1. Spring Stiffness Model
Due to the rigidity of the proof-mass, the U-spring used in this design dominates the stiffness model.
The effective stiffness of the U-spring as shown in Fig. 5 is derived with energy methods. In this
method, a force (F) or moment (M) is applied at the free end of the spring in the appropriate direction,
and the displacement δ is found by Castigliano’s Second Theorem. When only displacement from
bending and torsion is considered, the total strain energy U of a linear structure is calculated [10] as

M (ξ )
U =∑∫ i
dξ
i =1 0 2 EI i
N Lbi

2

(2)
,

where E is the Young’s modulus of the material, Lbi is the length of the i’th beam in the spring, Mi ( ξ ) is
the bending moment along the beam i, and ξ is the distance from the beam end. From Castigliano’s
Second Theorem, the partial derivative of the strain energy U with respect to a given force Fj is equal to
the displacement at the force point δ j .

δj =

∂U
∂F j

(3)

Boundary conditions are applied to the beam ends, resulting in a set of simultaneous equations.
Symmetry considerations used in the accelerometer give the boundary conditions δ y = 0 and δ θ = 0 .

Solving the simultaneous equations from the energy method, the x-direction spring stiffness for the
simplified case Lb1=Lb2=Lb and Wb1=Wb2=Wb is [10]:
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Fig. 5. Schematic of U-spring for stiffness calculation.

kx =

12αEI b
L (6αLb + Lt )

(4)

2
t

Lb and Lt are the lengths of beams and the truss, Wt and Wb are the beam and truss widths, Ib is the
bending moment of inertia of beams b1 and b2, [11]
tW
Ib = b
12

3

&

⎛W
α = ⎜⎜ t
⎝ Wb

⎞
⎟⎟
⎠

3

(5)

6.2. Effective Mass Model

The effect of spring mass on the resonant frequency of the accelerometer is taken into account with an
effective mass model. Effective mass is calculated by normalizing the total maximum kinetic energy of
the spring by the maximum proof-velocity, Vmax [11]:
N

meff

m
=∑ i
i Li

⎛ vi (ξ ) ⎞
∫0 ⎜⎜⎝ vmax ⎟⎟⎠ dξ

Li

2

(6)

Analytic expression for the velocities vi , along the spring beams are approximated from static mode
shapes of the U-spring deflection. The effective mass of the movable part of the accelerometer in the
x-direction is [11]:
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m x = m pr + 4m sp , x

(7)

where m pr is the total mass of the proof mass and the movable fingers, and m sp , x is the effective mass
of the U-spring in the x-direction. For Lb1=Lb2=Lb and Wt=Wb=W [11]:
msp , x =

ρtw(192 L5b + 864 L4b Lt + 1112 L3b L2t + 280 L2b L3t + 21L5t )

(8)

280 L2b ( Lb + 2 Lt ) 2

where ρ is the density of polysilicon and t is the thickness of the Poly1 layer in the PolyMUMPs®
process used for fabrication of this prototype accelerometer.

6.3. Air Damping Model

The damping of the accelerometer is due to both structural dissipation and viscous flow of air around
the structure. Since the amplitude of air damping at atmospheric pressure is in orders of magnitude
higher than structural damping, the latter is ignored. Air damping of the top and bottom of the
accelerometer topology can be classified as Couette-flow damping. Squeeze-film damping occurs
between the comb fingers. The viscous damping and Squeeze-film damping coefficients modeled by
Couette flow Hagen-Poiseuille flow respectively [11]:

BCouette =

µ
df

3

A

and

B Hagen

⎛t⎞
= 7.2µl ⎜⎜ ⎟⎟
⎝g⎠ ,

(9)

where µ is the viscosity of air, df is the air film thickness and A is the plate area. l is the finger length,
t is the finger thickness, and g is the air gap between adjacent fingers. The total damping coefficient for
the system is modeled by using the sum of the individual Couette and Hagen-Poiseuille components.
The design of a MEMS accelerometer that is ideal for the Virtual Button application will be presented
in a later paper. This will include analytical analysis, finite element analysis, and physical testing.

7. Conclusions
The patent pending Virtual Button user interface has features that make it unique compared to other
interfaces. It is concluded that Virtual Buttons are different than all prior art for impulse localization
using inertial sensors. Unique features include scalable integration of hardware into existing
manufacturing process, design freedom for user interface designers in putting buttons in ergonomic
positions, not limited by traditional hardware considerations. Other features include 100 % optical
clarity, the ability to make any existing surface active for input, and not only hard flat thin surfaces
such as glass.
Virtual Buttons can be employed on medical devices, helping to prevent the spread of infection and
reducing the complexity of sterilization procedures and the related strain on medical staff. Virtual
Buttons also have advantages in harsh environments and consumer electronics.
The initial design parameters for a suitable MEMS accelerometer are contained herein. These have
been used for the design and test of several accelerometers that are the topic of an upcoming paper.
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Abstract: Staphylococcal enterotoxins (SEs) are a major cause of food-borne diseases, most
commonly SEs assayed immunologically with ELISA. An immunoassay based on fluorescein dye
doped silica dioxide nanoparticles (F-SiNPs) and magnetic bead (MB) is described here for the
detection of staphylococcal enterotoxin B (SEB). F-SiNPs have unique optical properties which make
them attractive for biosensing. The water-in-oil (W/O) reverse microemulsion method was used for the
synthesis of F-SiNPs (~ 95 nm of diameter). The F-SiNPs were characterized using SEM, TEM and
FTIR spectroscopy. The detection of SEB is preformed in PBS buffer, and bottled drinking water
using sandwich immunoassay format. Target analytes were captured using MBs modified with the
antigen-specific “capture” antibody, and detected using F-SiNP labeled secondary antigen-specific
antibody. We report a limit of detection down to 1 ng/mL SEB spiked sample in less than 2 hr assay
time using fluorocount method. This study demonstrates the bio warfare agent SEB capture by
magnetic beads and detection using F-SiNPs. Copyright © 2009 IFSA.
Keywords: Fluorescein dye, Silica dioxide nanoparticles, Magnetic beads, Sandwich immunoassay,
Toxin biosensor

1. Introduction
Staphylococcal enterotoxins (SEs) are an important group of toxins implicated in several illnesses. SEs
are a major cause of food-borne diseases resulting from consumption of contaminated food
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(e.g. unrefrigerated meats, dairy, juice, water, salad, and bakery products etc.) [1], and produce
profound gastrointestinal symptoms including anorexia, nausea, vomiting, and diarrhea at low levels of
exposure (e.g. total intake of approx. 20 – 100ng per children and low microgram quantities by adult)
[2]. There are now 19 SEs and SE-like proteins. Several SEs have multiple variant forms [3]. The
classical and well-recognized SEs includes SEA, SEB, SEC, SED, and SEE. These SEs are produced
by many pathogenic Staphylococcal aureus Gram-positive bacteria. These SEs are heat stable toxins,
so the heat used in normal cooking and pasteurization cannot totally inactivate them. For example SEA
in food that had been pasteurized twice at 130 °C for 4 or 2s retained both immunological and
biological activities [3]. SEs have also been implicated in other diseases such as rheumatoid arthritis
[4], atopic eczema [5], toxic shock syndrome [6], and are also recognized as potential bio weapons [7].
Thus a rapid and sensitive identification method for SEs is required.
Fluorescein organic dye doped silica particles (SiPs) are very versatile materials that have been applied
in various bio-analytical applications [8]. The dye itself has some deficiencies such as, photodegradation [9] and decreased fluorescent intensity upon bio-conjugation [10]. The dye doped
fluorescent particles offer significant advantages over the fluorescent dye alone [11]. Encapsulation of
fluorescent molecules into SiPs often increases photostability and emission quantum yield due to their
isolation from possible quenchers like oxygen and water [12]. Further, it facilitates the
functionalization of the surface for covalent conjugation to enzymes and antibodies, which are used as
a fluorescent probes [13]. The reliable colloidal stability, biocompatibility and reactivity with various
coupling agents of SiNPs allow the design and synthesis of dye-doped SiNPs with desired structures
and properties [14]. Over the past few years there has been a growing effort to produce various dye
doped silica nanoparticles and manipulate them [15] for bio detection. Dye doped silica nanoparticles
are attractive primarily because of their optical properties, and so they have been used for optical based
detection [16]. In this work, we demonstrate that uniform spherical fluorescein-dye-doped silica
nanoparticles (F-SiNPs) 5, which are synthesized using a water-in-oil (W/O) reverse microemulsion
method (as shown in Fig. 1) and after that further deposition of a silica layer, the fluorescence
properties of F-SiNPs become almost independent of pH values and other photobleaching factors. The
F-SiNPs were used to label anti-SEB polyclonal antibodies and these were applied for SEB detection
using a magnetic bead (MB) based immunoassay as illustrated in Fig. 1. The SEB detection signals
were generated through relative fluorocounting method.

2. Material and Methods
2.1. Material
All of the reagents were purchased from Sigma Aldrich, St. Louis, MO, USA, Fisher Scientific, New
Jercy, USA, Invitrogen molecular probes (Eugene, Oregon, USA) Antibodies were purchased from
Immunology Consultant Laboratory, Newberg, OR USA, and used without any further purification.
SEB toxin was provided by Dr. Gregory Bohach (Univ. of Idaho, Moscow). Tosylated Myone (1 µm in
diameter) Dynabeads and Mouse anti-SEB polyclonal IgG and purified Staphylococcal enterotoxin A
(SEA) toxins were obtained from Toxin Technology (Sarasota, FL). The buffers: Phosphate Buffered
Saline (PBS; pH = 7.2) was prepared from a 10x autoclaved stock (10 x PBS: 100 mM phosphate
buffer, 1.37 M NaCl, 27 mM KCl), PBST buffer (1x PBS with 0.05 % Tween-20) and PBSTB buffer
(1 x PBST was prepared by adding 3 % bovine serum albumin (BSA) to the buffer. Deionized water
(18.2 MΩ) was collected from Labconco, water Pro PS.
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Fig. 1. Schematic diagram for synthesis of F-SiNPs (step 1-5), surface functionalization (step 6-7)
and immunoassay (step 8-14). (i) DMF, , rt., 12 h., (ii) W/O reverse microemulsion method, (iii) encapsulation
of F-SiNPs with silica oxide layer, (iv) 0.1 M Na2CO3, and CNBr (0.2M) acetonitrile at 0 °C - rt, 3 h.,
(v) anti-SEB polyclonal antibody, PBS (pH = 6.8), 4 °C, 24 h., then blocking with 0.03M glycine at 4 °C,
for 12 h., (vi) magnetic bead and F-SiNPs based immunodetection assay. (a) The image of F-SiNP in PBS
suspension, and in solid powder form in daylight, (b) the image of F-SiNP suspension in PBS under
UV-Visible light.

2.2. Instrumentation
Supera Gemini 35 VP FE-SEM (Zeiss) coupled with Thermoelectron (Zeiss) model was used for
scanning electron imaging of F-SiNPs and JEOL 1200EX II model was used for transmission electron
microscopic (TEM) images. The functional group of nanoparticles were characterized using Nicolet
AVATAR 370DTGS FTIR model (Thermo Electron Corporation) and spectra were analyzed using
OMNIC 7.4.127; UI Smart Performer software. FLx800 plate reader (from BioTek instrument Inc.,
Winooski, VT, USA) instrument was used for fluorocounting. Fluoro Max-3 (Horbida Jobinvon)
model was used for emission fluorescence spectra with fluorescence version 2.0.5.0 software.

2.3. Synthesis of F-SiNPs
The monomer fluorophore precursor 3 was prepared according to the method described by
J. A. Katzenellenbogen et al. [16]. The fluorescein isothiocynate (FITC; 0.25 mmoles) was reacted to
the 3-aminopropyltrimethoxysilane (APTS; 0.25 mmole) in dry N’N’’-dimethylformamide (DMF)
solvent (1.5 mL) for 12 h head-to-tail rotation in 2 ml eppendorf.
The F-SiNPs were synthesized from tetraethoxysilane (TEOS) and monomer precursors 3 in water-inoil microemulsion [12]. The microemulsion was prepared by mixing 1.77 ml of triton X-100
(surfactant), 1.8 mL of n-hexane (co-surfactant), 7.5 ml of cyclohexane (oil), 0.5 ml of DI water and
0.5 mL monomer fluorophore 3. The silica precursor (100 µl of TEOS) was added to the
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microemulsion solution and stirred for 30 min. The silica polymerization reaction was completed by
adding 60 µl NH4OH and then stirring for 24 h. The microemulsion was broken by the addition of
20 ml of acetone to the microemulsion, followed by sonicating, vortexing, and centrifuging at
7000 rpm for 10 min. The dye-doped silica NPs were thus separated from the microemulsion. Finally
the resulting NPs were washed four times with 95 % ethanol and one time with acetone. The samples
were then left dry overnight and cured at 110 °C for 12 h in conventional oven. To encapsulate these
NPs, the above procedure was repeated once again for 24 h, with 50 µl of TEOS and without further
addition of monomer fluorophore 3. The surface functionalization of SiNPs at each step was
characterized using FT-IR spectroscopy. The size distribution and morphology of F-SiNPs 5 were
characterized using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM).

2.4. Determination of Density and Number of Nano-Particles
The density of F-SiNPs (5) was determined as follows [16]: The known weight (1.21 x 10-2 g) of dried
NPs were added to a graduated plastic tube (0.5 mL) filled with deionized water at 25 °C. The NPs
were completely dispersed in the solution. The NPs were spun down by centrifugation at 5000 rpm for
15 min. The increased volume (6.25 x 10-3 mL) was determined and used to calculate the density. The
experiment was performed in triplicate format to obtain the average density of F-SINPs 1.79 g/mL.
The number of particles in 1 mg was calculated as follows: First the average volume (4.48 x 10-16 cm3)
of F-SiNPs was calculated using the formula 4/3πr3 (the volume of sphere), where r is the average
radius (47.5 nm) of F-SiNPs obtained from TEM images, where the average diameter is 95 nm
(Fig. 2c). The average weight (8.02 x 10-16 g) of one NP was deduced by multiplying the average
volume and density. So the average number of particles (1.25 x 1012 NPs) was determined by dividing
0.001g by average weight of one nanoparticle.

2.5. Determination of Number of Encapsulated Fluorophore Molecules into F-SiNPs
To determine the number of encapsulated fluorescein dye in a single particle, a 1 mM stock solution of
fluorescein isothiocynate dye in ethanol was prepared. This solution was diluted into PBS (pH 6.8) to
make four different solutions at a final concentration of 1.0 nM. The fluorocount number of 1 nM
(1.2044 x 1012 fluorescein molecules, 200 µl in 300 µl of 96 well plate) were measured and expressed
as response fluorocount unit (RFU) using a fluorometer (excitation 485/20 nm and emission at
528/20 nm filters set). 1 mg (1.25 x 1012 particles) of F-SiNP was dispersed into 1 ml of ethanol, and
this solution was diluted 100 fold. The emission intensity was measured after serially 2-fold diluting
the stock solution until emission readings close to those of the 1.0 nM fluorescein isothiocynate dye
solutions were obtained with 1% counting error range between the 1 nM dye and sample F-SiNPs
solution. The encapsulation number of the fluorophore was calculated by dividing the number of
fluorescein dye matching the reference FITC dye RFU by the number of particles.

2.6. Fluorescence and Photo Stability Test of F-SiNPs 6
A solution of 1 nM of FITC and a suspension of 0.1 µg/ml of F-SiNPs 6 were prepared in PBS buffer
and used for emission fluorescence characterization. Each solution (2 ml) was placed into a quartz
cuvet and placed in fluorospectrometer. The emission spectrum was recorded after applying excitation
wavelength 485 nm with entrance and exit slit of 5 nm. To check photostability of F-SiNPs, the two
samples were prepared (1 nM of FITC and 0.1 µg of F-SiNPs 6) in PBS buffer and placed (5 mL each)
into a glass tube. The tubes were placed into a beaker having ice cold water and set up in front of a
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50 Watt ARC lamp. Fluorocounting of each sample was done at every 20 min. intervals, while keeping
the sample temperature constant. Further F-SiNPs were washed before each reading.

2.7. Chemical Activation of F-SiNPs 5 Surface
Dried F-SiNPs 5 (5 mg) were suspended in 5 ml of 0.1 M sodium carbonate solution (activation
buffer) by ultrasonication and mixed for 1 hr at room temperature (rt). A solution of cyanogen bromide
(0.2 M) in acetonitrile was then added dropwise to the particle suspension under vigorous vortexing for
10 min at rt, thereafter particles were mixed 2 hr at rt. Activated particles 6 were washed twice with
ice-cold water and stored in the same water. Before use the particles were washed once with PBS
buffer.

2.8. Covalent Immobilization of the Antibody onto the F-SiNPs
Antibody immobilization onto the silanized surface was achieved using the cyanogens bromide
pretreated fluorescent nanoparticles 6, as shown in Fig. 1 [17]. A 0.5 µL portion of anti-SEB
polyclonal antibody diluted in PBS buffer was added to the surface-modified nanoparticles 6 with the
final concentration of 1 µg/mL, and the suspension was rotated head-to-tail on a rotator for 24 h at
4 ºC. Antibody immobilized nanoparticles were blocked with 1.5 ml of 0.03 M glycine solution for
12 min. The final product 7 was washed with PBS one time and resuspended in PBS buffer to store at
4 ºC for future use. The covalent conjugation of antibody with F-SiNPs was characterized with
UV-Visible spectroscopy.

2.9. Magnetic Beads Preparation
Coupling of tosylactivated magnetic beads (Dynabeads® M-280 Tosylactived) with anti-SEB
polyclonal antibodies was performed as described in Invitrogen protocol [18] and the modified beads
were stored in 2 ml PBSTB (PBS + 0.05 % Tween-20 surfactant + 3 % bovine serum albumin) buffer
(~ 3 mg magnetic beads/ml) at 4 °C prior to use.

2.10. SEB Assays
Anti-SEB antibody magnetic beads (4 µL) were mixed with PBS buffer (100 µL) in PCR tubes with
350 µL of volume, and pre-spiked with different concentrations of SEB toxin (50, 10, 1, 0.1 and
0.01 and ng/mL). The PBS alone, tosylactivated MB, anti-SEB-MB conjugate were used as negative
controls and to check the specificity of our immune assay 1ng/mL of SEA was used as a analyte in one
tube instead of SEB. The MBs were mixed in each sample by gently pipeting the mixture up and down
and then incubating at 37 °C on a rotator for 45 min. The tubes were then placed into the magnetic
rack, and the beads were allowed to separate for 2 min before the PBS buffer was removed. The beads
were then washed one time with 150 µL PBST buffer and resuspended in PBS buffer (90 µL). The
PBS suspension containing the F-SiNPs-anti-SEB antibody conjugate 7 (10 ng/mL) was then added
(10 µL) to each tube and placed on rotator for 45 min at 37 °C after which the MBs of each tube were
washed three times with 150 µL of PBST. The MBs were then resuspended in PBS with a final volume
of 200 µL and transferred into a 96 well plate. The plate was inserted into a fluorocount reader.
Fluorescence was determined by exposing them to 485±20 nm and relative fluorescent emission units
(RFU) recorded at 528±20 nm.
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2.11. SEB Detection Assay in Water
The bottled water was spiked with five different concentrations of SEB toxin (50, 10, 1, 0.1 and
0.01 ng/mL) and the SEB detection assay was performed as described above (Sec. 2.11).

3. Results and Discussion
The main aim of this work is to evaluate the potential of fluorescein dye doped silica nanoparticles
(F-SiNPs) to enhance optical immuno-based detection. Commercially available tosylated magnetic
beads (MBs) and the cyano-functionalized F-SiNPs facilitate easy covalent immobilization of the
primary and secondary antibodies and thus increase the sensitivity of detection. We tested our
approach with Staphylococcal enterotoxin B (SEB), a clinically relevant protein, and were able to
characterize the performance of MBs and F-SiNPs-based immunosensor and evaluate its utility for the
analysis of SEB in drinking water.
Initially, F-SiNP were synthesized using W/O reverse microemulsion method and their physiochemical
properties were studied. Thereafter, MB-F-SiNP based detection was tested for the ability to enhance
detection with 100 ng SEB/mL. The speed of the assay and the sensitivity were then measured with a
range of SEB concentrations. The experiments were optimized first in PBS buffer and then performed
in commercially available drinking water. In these experiments, for each SEB concentration, three
independent assays were performed and readings were reported with the average and standard
deviation.

3.1. SEM and TEM of F-SiNPs
The careful synthesis of nanoparticles is very important and thus the concentration of surfactant,
reaction time, and temperature are critical for the morphology of nanoparticles. The synthetic method
(W/O reverse microemuslion) as shown in Fig. 1 is very good for synthesis of uniform organic dye
doped and silica encapsulated nanoparticles. The SEM and TEM were employed to characterize the
silica encapsulated F-SiNPs 5 (Fig. 2a-b). The size distribution bar graph of spherical and uniform
particles (Fig. 2c) shows the minimum diameter is ~ 85 nm and maximum ~ 105 nm but the majority
(~65) of the particles is in the range of 95 nm of diameter.

Fig. 2. (a) SEM (scale bar = 20 nm); and (b) TEM (scale bar = 100 nm) images of F-SiNPs 5;
(c) Size distribution of F-SiNPs 5, the average diameter of F-SiNPs is ~ 95 nm.
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3.2. Number of Particles and Concentration of Fluorescein Dye
The comparison of fluorescence intensity at identical conditions, (from Fig. 3a) results that the RFU of
1 mM fluorescein dye is approximately equal to 8.33 µg/mL of F-SiNPs. The two RFU vales of 1 nM
dye and 8.33 µg/mL of F-SiNPs were plotted separately (Fig. 3b) and observed very closely and then
calculated that the RFU of 7.8 x 109 F-SiNPs (8.33 µg/mL F-SiNPs) is almost equal to 1 mM
fluorescein dye (with < 0.1 % of RFU difference).

Fig. 3. (a) Comparison of FITC and F-SiNPs flourocounts where the concentration of FITC at 2 = 10 nM, 3 = 1
nM, and F-SiNPs 4 = 1 x 102, 5 = 5 x 101, 6 = 2.5 x 101, 7 = 1.25 x 101, 8 = 1.0 x 101, 9 = 8.33, 10 = 6.25 µg/mL
and 11 = blank, (b) A very close look of FITC 1 = 1 nM and 2 = F-SiNPs 8.33 µg/mL of F-SiNPs and 3 = blank.

3.3. Photo stability Characterizations of F-SiNP
The photostability measurements of F-SiNPs were carried out by continuously illuminating particle
samples with a 50W mercury lamp. Fig. 4b shows the RFU of F-SiNPs 5 (top red curve) as compared
to the 0.1 µM fluorescein dye in PBS buffer over 8h. As expected the dye doped SiNPs were highly
photostable in comparison with the free dye. After 90 min the RFU of FITC starts decreasing very
rapidly while F-SiNPs don’t show any significant change. This indicates that the F-SiNPs
(encapsulated with a silica dioxide layer) are protected from photo bleaching factors and dose not
allows leakage of the dye when immersed in aqueous solution. The high fluorescence emission
properties of F-SiNPs make them potentially useful for bioanalysis and biomedical imaging.

3.4. FTIR Characterizations
Fig. 5 shows the Fourier Transform Infrared (FTIR) spectra of pure and modified silica nanoparticles.
A sharp and strong Si-O-Si stretching peak (~ 1100 cm-1) was observed in all surface modifiedsamples indicating that the main structure was not changed by the modification reaction. The peak at
~ 960 cm-1 corresponding to a silanol group is very prominent in plain silica compared to the modified
one, indicating that functionalization has occurred. The FTIR spectrum of F-SiNPs 4 showed
absorption at ~ 2934 cm-1 which indicates the presence of –CH2 groups. Two additional peaks were
observed for the sample 4 compared to plain silica, at ~ 1572 cm-1 (amide CONH stretching) and
1326 - 1461 cm-1 (aromatic stretching). This indicates that the fluorescein molecule is present in the
SiNPs. Finally, a medium peak observed at 2220 cm-1 in Fig. 3e corresponds to nitrile (CN group),
clearly indicating the cyano group modification of F-SiNPs 5.
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Fig. 4. A comparative photo-stability graph of F-SiNPs 5 (10 µg/mL) and FITC (1 nM) in PBS buffer
from 0 to 8 h. The samples were excited with a HBO 50 W mercury arc lamp,
keeping sample temperature constant (at rt).

Fig. 5. FTIR analysis (a) plain silica dioxide nanoparticles; (b) F-SiNPs 5;
and (c) F-SiNPs 6 after cyanogen bromide reaction.

3.5. Antibody Conjugation
The conjugation of anti-SEB with F-SiNP was characterized by using UV-Visible spectra. Fig. 6a
UV-Visible absorption spectrum shows the blank (black curve), anti-SEB antibody (red curve), FSiNPs (green curve) and anti-SEB-F-SiNPs conjugates (blue curve). The analysis of these four curves
shows the presence of anti-SEB antibody on the F-SiNP. The ability of the coated particles to
recognize SEB was also demonstrated with confocal fluorescent microscopic images (Fig. 6 b-e). The
F-SiNPs suspension in PBS shows green fluorescent light (Fig. 6b), the anti-SEB-F-SiNP conjugate
has dense green spot due to aggregation of F-SiNPs with antibody (Fig. 6c), the anti-SEB-magnetic
beads conjugates don’t have any fluorescent properties (Fig. 6d), and finally the anti-SEB-SEB-antiSEB-F-SINP sandwich conjugates can be seen very clearly in Fig. 6e. The image of Fig. 6e is clearly
showing the presence of anti-SEB conjugated magnetic beads with F-SiNP labeled anti-SEB
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secondary antibody in the presence of SEB (100 ng/mL) analyte. It means the sandwich formation is
taking place in the SEB immunodetection assay.
Speed of detection is an important element of bio detection. Fig. 6f shows the effect of incubation time
on detection of SEB (100 ng/mL) using anti-SEB immobilized primary antibody and F-SiNP labeled
anti-SEB secondary antibody. The fluorescence intensity increases with incubation time until 45 min,
when it begins to level off. This suggests that the interaction of SEB with anti-SEB-F-SiNP reaches
saturation at this point and additional incubation time does not have any significant affect on the
response of the immunosensors. Therefore an incubation time of 45 min was selected for subsequent
experiments.

Fig. 6. (a) UV-Visible spectra: black line is for blank solvent (PBS buffer), green line represents F-SiNPs 5
in PBS buffer, anti-SEB antibody is represented by red line and blue line is for F-SiNP and anti-SEB antibody
conjugate. Fluorescent confocal microscopic images of (b) F-SiNP (10 µg/mL) suspension in PBS buffer,
(c) F-SiNP labeled with secondary anti-SEB antibody, (d) MB conjugated with primary anti-SEB antibody
(after treatment with F-SiNP-anti-SEB antibody) as a control, and (e) MB-anti-SEB primary antibody
and F-SiNPs-anti-SEB secondary antibody with SEB analyte (100 ng/mL) showing complete complex of three.
(f) The effect of incubation time on the fluorescence response of the MG-SEB-F-SiNP immunosensor: SEB
(100 ng/mL) in PBS buffer was incubated for various times with anti-SEB primary antibody immobilized on
MB, followed by binding of F-SiNPs labeled secondary antibody and F-SiNP fluorescent detection.

3.6. SEB Detection Assay
The sandwich MB-F-SiNPs immunoassay was first studied with five different concentration
(4 = 1 x 10-2, 5 = 1 x 10-1, 6 = 1, 7 = 10, 8 = 50 ng/mL) of SEB in PBS buffer (Fig. 7a), which shows the
flourocount response obtained with sandwich immunoreaction of varying concentrations of SEB. To
test selectivity of SEB detection, we tested anti-SEB-F-SiNPs added into anti-SEB-magnetic beads,
tosylated magnetic beads or SEA. Each experiment was carried out three times as individual
experiments. The fluorescence signal increases with SEB concentration. As shown in Fig. 7a the
fluorescence response from controls is in the range of background or negative control and observed
less than 1 ng/mL SEB. The concentration below 1 ng/mL SEB also shows insignificant RFU. Fig. 7c
shows signal/background ratio and suggest the lowest detection limit of SEB in PBS is ~ 1ng/mL. This
concentration is giving almost double RFU compared to the background. Further, 10 ng/mL SEB
shows four times excess the RFU, negative controls show no significant fluorescent response. This
suggests the above immunosensor is very selective for SEB over SEA.
Foods are often tested for Staphylococcal enterotoxins, which are a significant cause of food
poisoning. In order to test the utility of MB-F-SiNP immunosensor for the use in food testing, we
previously assayed and reported in 1 % reduced fat milk spiked with SEB [19]. Now here we use
commercially available drinking water bottle (sold in retailer grocery stores) and spiked with five
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different concentrations of SEB for sandwich immunoassay. We perform identical experiment for SEB
spiked water as performed using PBS buffer. In this case we also obtained almost similar fluorescence
response to the control and SEB analytes (Fig. 7b). Similarly the signal/background ratio for 10 ng/mL
SEB spiked sample is obtaining three folds excess RFU than background control (Fig. 7d). The
fluorescence response obtained from SEB immunodetection using MB-F-SiNP sandwich method
results almost identical signal/noise in PBS (Fig. 7c) and in water (Fig. 7d) sample. This indicates the
reproducibility of this method. Although, there is slightly higher signal/noise ratio is obtained in case
of PBS comparatively with water. This could be due to the presence of phosphate salt that allows
protein-protein interaction better when compared with bottled water.

Fig. 7: The fluorescence response obtained from the sandwich immunoreactions in the varying concentration of
SEB ananlyte. 1 = anti-SEB-MB (SEB = 0), 2 = tosylactivated MB (SEB = 0), 3 = SEA 50 ng/mL, 4 = 1 x 10-2,
5 = 1 x 10-1, 6 = 1, 7 = 10, 8 = 50 ng/mL SEB analyte in (a) PBS buffer; with 0.8 – 4 % of variations in error
bars, (b) and in commercially bottled water (with 0.1 – 5.9% of variations in error bars). Further the signal/noise
ratio was calculated for each experiment (c) PBS buffer; and (b) in commercially drinking water.

4. Conclusions
We demonstrate here that the synthesis of fluorescein dye-doped-silica nanoparticles (F-SiNPs) and its
encapsulation with a silica layer using W/O reverse micro emulsion method, yield uniform (~95 nm of
diameter), highly fluorescent and photo stable nanopaticles. Further, we also demonstrate that the
immunosensor based on F-SiNP which can be easily conjugated with secondary antibody and
increases the level of SEB detection, using a conventional “sandwich-assay” and a regular optical
detector. The preliminary studies of the application of F-SiNPs for biological detection show the
possibility for the SEB toxin detection in PBS and drinking water samples. The lowest detection limit
was observed from 1 ng/ml of SEB solution. The comparative study with fluorescein dye is underway
to improve this method more and will be reported in due course of time. The SEB detection assay
system presented here is simple, inexpensive and performed in the total volume of 100 µl and the total
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time of this assay is less than 2h. In summary, the F-SiNPs could easily be utilized for development of
a variety of detection systems for biological materials.
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Abstract: The application of Wireless Sensor Networks (WSNs) in time-sensitive space applications,
such as astronaut health monitoring and environment-risk monitoring, demands exclusive investigation
of network design and protocols for optimized operation in geo-station environments. The continuous
monitoring of physiological condition of crew members, spaceflight equipments and habitat during
long space missions is of paramount importance to NASA for mitigating performance risks. Continual
performance tracking and local response advisory capabilities, within space environments, are crucial
to ensure overall mission success. This paper will present challenges and opportunities of wireless
sensor networks in space applications, and the investigation of system and protocol design for efficient
performance monitoring. We describe a flexible WSN architecture and the required system
components for reliable communications. We also investigate crucial network algorithms including
link quality adaptation, energy efficiency and quality-of-service that are essential for efficient
performance monitoring in geo-station environments. Copyright © 2009 IFSA.
Keywords: wireless sensor networks, quality of service (QoS), remote monitoring, space applications.

1. Introduction
With the advances of wireless and mobile communication technologies, sensor devices, and wearable
medical devices, wireless sensor network (WSN) is becoming ubiquitous. WSNs recently find
applications in remote healthcare, fire tracking, integrated system health monitoring (ISHM) and
industrial automation. In particular, space applications are using wireless sensor networks to ensure the
overall missions success. For instance, space crew health performance can be tracked down using
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telemedicine without the assistance of a doctor by taking advantage of sensor local processing and
telecommunications. On the other hand sensors can be deployed within the spacecraft to implement
integrated system health monitoring system (ISHM).
The implementation of sensor-based systems involves challenges and innovative opportunities at
different levels of overall system implementation and integration. A WSN system involves
components at different levels from sensor devices, sensor processing and communication interfacing,
to reliable communications that support quality of service (QoS). The system should be scalable and
support modularity and interoperability. Modularity is the ability to automatically plug a sensor in the
network without the need to manually configure and set up the system, i.e. plug and play.
Interoperability is very important, since a scalable system should not rely on one technology or one
vendor. Sensor standards, such as IEEE 1451, are being developed to standardize such interfaces that
will enable the implementation of smart sensor networks with plug and play capability. Scalability is
another important characteristic, since we need to be able to deal with large number of sensors (e.g.
thousands or millions) and dynamically add or discard a sensor without the need for reconfiguring the
whole system.
This paper presents the challenges and opportunities of wireless sensor network in space applications
and the investigation of wireless access technique supporting Quality of Service capabilities to meet
the stringent requirements of space applications. The paper describes an architecture that utilizes
sensor network to implement multiple functionalities. We also investigate crucial network algorithms
including link quality adaptation, energy efficiency and quality-of-service that are essential for
efficient performance monitoring in geo-station environments.
This paper is organized as follows; the second section presents the general architecture of wireless
sensor network in space applications. Different challenges and research opportunities are described in
sections 3 and 4. Section 3 focuses more on system integration point of view while section 4 focuses
on networking protocols development. Section 5 presents future directions and conclusions.

2. WSN in Space Performance Monitoring: Conceptual Architecture
Sensor network architecture in space environments should be hierarchical and highly flexible for
allowing integrated operation of diverse applications. The medical sensors, system and environment
monitoring sensors need to operate under a unified communication platform, and so interoperability
between multiple wireless platforms and sensor plug-and-play capabilities would be crucial. A
hierarchy can be at the crew monitoring level, which communicates with upper level hierarchy to
convey information for more processing. Another hierarchy can be at the space habit level and at the
extravehicular activities (EVA) stage. Note that hierarchies may operate independently and may
communicate with upper hierarchies to further process the information. (Fig. 1).

3. Sensor Network Communications
Autonomous sensor systems need to be interfaced with a communication platform for large-scale
operations. For example, spacecrafts typically comprise hundreds of equipments and it would be
impossible to monitor system health from individual locations. Single-point information collection and
processing through networked sensor systems would be extremely efficient. The sensor devices need
to be interfaced with a communication module, which will allow information to be telecommunicated
to central locations for collaborative processing (correlated information estimation from multiple
sensor readings tends to provide more useful inferences). The following components are crucial for
developing a unified communication platform for sensor systems within space habitats.
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Environment
(temperature/pressure)
monitoring sensors

Central data collection, processing and
response advisory
Astronaut

Long-range connectivity
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mesh wireless network interface
between monitoring sensors and
processing locations.

System Health
monitoring

EVA: Zigbee mesh (peer-topeer) network. Emergencies get
communicated to rover and
nearby crew members

Fig. 1. Conceptual architecture of sensor network in space applications.

3.1. Sensor Devices
The sensor device is the end point of a wireless sensor network. The information sourced by the sensor
devices will be reliably communicated by the WSN to its destination. It is this information that will be
used to make a decision and the corresponding action should be taken by the system as a whole. For
instance in system health monitoring, the information may indicate that there is something wrong with
a combustion system and therefore action needs to be taken. Sensors that will be deployed in space
devices should present the following features:
- Miniaturization and integration, which will have effect on the mass and cost of space exploration as
well as reliability since a miniaturize system can be easily integrated with processor based systems
[1].
- Efficiency, safety, and reliability from the system integration point of view to end performance.
There has been a fast growth in the sensor manufacturing area that utilize nanotechnology and
Microelectro-Mechanical Systems (MEMS) technologies to make sensor devices that are smaller,
faster, and smarter, with storage, processing and wireless communication capabilities.

3.2. Wireless Communication Standards
Implementation of the best communication strategy for seamless data flow across the distributed
sensor devices used in spaceflights is still an open challenge. 802.15.4/Zigbee [2], 802.11x [3],
WirelessHART [4] and ISA100.11a [5] are some of the standardized wireless communication
strategies, and we need to evaluate the capacity of these standards for applicability in space habitats.

3.3. Signal Processing Interface between Sensor and Communication Module
The voltage measure of human/environment/system condition from sensors is typically very small (in
the order of mV) and has to be signal conditioned for wireless transmission. The signal processing
interface between sensors and wireless transceiver is one of the crucial components for faithful
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waveform generation at the receiving end. Signal conditioning interface using Programmable System
on Chip (PSoC) will allow for rapid changes to component design through software programming.
PSoC will allow for rapid experimentations with filter design and other signal conditioning process
(such as FFT) and can prove to be extremely time-efficient for identifying and separating the signal
and noise components. Fig. 2 shows the conceptual architecture of medical signal conditioning
interface developed in our labs.

Fig. 2. Medical signal conditioning using PSoC.

3.4. Interoperability among Multiple Wireless Platforms
Interoperability implies the ability to disseminate information seamlessly across different wireless
standards. Space applications are diverse and may require specific wireless standards for satisfying
application-specific needs. Physiological condition monitoring medical-sensors may require lowrange, low-power, and low-data rate WPAN technologies similar to 802.15.4 standards. 802.11 (WiFi)
standards are well suited for network back-haul (central data collection, storage and wide-area
distribution) due to their high data rates. A mobile network component may be needed for anywhere
anytime alarming about emergency situations. Space habitat can be viewed as a collection of local
sensor networks (health, system, and environment) integrated by high-speed back-haul wireless
networks. Software-interface development becomes an essential component for data dissemination
across such heterogeneous wireless platforms.

3.5. Device Interoperability and Plug-n-play
To support interoperability and plug-and-play functions of multiple sensor systems over a unified
platform, a standard needs to be adopted. The sensor community is ratifying the IEEE 1451 smart
sensor standard that defines the interfaces and the data structures to be implemented. For instance, a
Transducer Electronic Data Sheet (TEDS) pertaining to each sensor should follow certain format so
that a sensor from company A can be easily interfaced with an electronic board developed by company
B. The standard also deals with plug-n-play capabilities and its implementation. The plug-n-play
interoperability of space data systems is also being developed within international space agencies,
CCSDS (the Consultative Committee for Space Data System) [6]. CCSDS is adopting IEEE 1451
among other networking technologies and define the following three steps to accomplish plug-n-play
[7]:
- Device discovery – discover when a device is plugged to the networks and what network technology
is utilized;
- Service discovery – discover the capabilities of the devices added;
- Device adaptation – adapt the device to generic classes and functions.
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4. Protocol-level Optimizations
In this section we describe the crucial sensor network algorithms and design optimizations required for
performance monitoring in space environments. Our group is addressing problems related to link
quality estimation and adaptation, energy efficiency and quality-of-service (QoS).

4.1. Link Quality and EM Distribution Analysis
Maintaining link connectivity in harsh wireless environments is essential for network reliability.
Electromagnetic (EM) propagation study is crucial to understand the wireless channel behavior within
space habitats. EM modeling will identify the optimal sensor transceiver placements that will
guarantee radio signal link quality anywhere within the space environment without connection failures.
The EM modeling will also quantify important physical layer parameters that will be utilized by upper
layer protocols for robustness against link errors. Receive Signal Strength Indicator (RSSI) and Chip
Correlation Indicator (CCI) are the popular parameters used to quantitatively indicate link-quality in
sensor radios. Even though these parameters have been investigated by different research activities
[8, 9], their correlation with the field distribution has not been explored.
Fig. 3 plots the measured RSSI value as a function of the distance between the transmitter and the
receiver. Along with this curve, the theoretical model of the EM field distribution using ray theory is
also plotted according to the following equation [10]
− jk d 2 + ( h + h ) 2

1
2
e − jkd R × e
cosθ )
P = 20 log( 2 +
d
d 2 + (h1 + h2 ) 2

,

h1 + h2
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and k = ω µε is the wave number, h1 and h2 are the height at which the
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Fig. 3. Signal Strength as function of distance using experimental measurement and ray theory analysis. Packet
reception rate is plotted at the secondary (right) Y axis to compare it with signal strength.
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The theoretical two-ray model represents the received signal strength variability in accordance to
antenna distance and height along with the operating frequency. This plot is generated for the receiver
and transmitter antennas placed at the same height of 0.56 meters and operating in 2405 MHz
frequency, which corresponds to channel 11 of IEEE 802.15.4.
The figure shows that the measured and theoretical received power decreases with the distance at the
same rate. The theoretical analysis shows that there is a critical value where the field decreases
tremendously and this phenomenon is referred as the break point slope [10]. The measured power
(RSSI) does not show a drop similar to the theoretical model, since the measures values are obtained
only from captured packets and therefore the power would have been above the receive threshold. To
be able to understand this phenomenon, we also collected the packet reception rate (which is 1 –
packet loss rate) as function of the distance. The packet reception rate is plotted in the same figure
using the right side axis. It is noticed that the packet reception rate decreases right at/after the break
point. These results give a good indication about the placement of the sensor in the field, i.e. locations
where the sensors can be placed to avoid high packet loss.

4.2. Energy Efficiency in Harsh Wireless Environments
Sensor devices are typically energy constrained (battery powered) and the efficiency of network
operation depends on the effectiveness in using the limited energy supply. The power consumption
ratio of latest sensor device is approximately 0.1:1:2:4 for the sleep, idle, reception and transmission
states respectively. Thus, increasing the time that the sensor nodes in idle state (a state where the
device is ON, but not involved in any data exchange) can sleep would be significant for extending the
overall operational time of the mesh sensor network.
Geo-station habitats are characterized by severe multi-path fading (due to steel enclosures) and
interference (due to various aerospace systems) effects. Therefore, the performance monitoring mesh
sensor network within the space habitat will be densely deployed for robustness against frequent link
failures. In such cases, only a subset of nodes is required to establish a connection backbone for
reliable medical data exchange between the astronaut and the crew medical officer. Rest of the nodes
could sleep to conserve energy without disrupting network connectivity. Our initial work on
connectivity-based sleep coordination (TEAN-Sleep [11]) identified the required number of sensor
nodes, within a mesh, that will be required to consistently maintain close to 100 % connectivity. The
nodes forming the connection backbone are rotated for establishing an energy balance in the network.
Fig. 4 shows the simulation results for residual energy distribution of the sensor region, with and
without our sleep coordination protocol, as a gray scale map. Darker regions represent energy critical
regions. With sleep, the network is more energy-balanced i.e. more percentage of the transceivers are
still alive and thus extended periods of uniform coverage throughout the geo-station habitat.
Several other sleep coordination techniques exist for sensor networks, but they are not tested
exclusively for space environments. Given the severe interference and fading effects, link quality
estimate could be one of the crucial parameters in sleep decisions. A node with low residual energy
level might not automatically qualify for sleep if the electromagnetic distribution and instantaneous
link quality is good, since low transmission errors (and hence reduced radio retransmissions) provide
useful energy savings. Fault-tolerant sleep coordination, where physical layer link estimates are
incorporated into the sleep decisions, will be a crucial protocol optimization for space applications.
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Fig. 4. Energy efficiency and balancing through sleep coordination.

4.3. Sensor Network Quality-of-Service (QoS) and Emergency Support
Wireless Sensor Networks (WSNs) find most of the applications in data-centric network environments,
where the deployed sensors collaboratively work towards accomplishing a common application task.
In such cases, preferential traffic services (QoS) were not perceived important, since every data was
considered equal for satisfying the application task. However, the exploration of sensor technology use
in health and system monitoring during space missions has created the need to support traffic priorities
and differentiated resource allocation methods. The network needs to be configured to dynamically
adapt to emergency situations in time-sensitive applications.
Medium Access Control (MAC) layer arbitrates the wireless medium (policing) among multiple
competing nodes, and supporting QoS at the MAC layer is critical for achieving differentiated traffic
services. The popular IEEE 802.11eEnhanced Distributed Channel Access (EDCA) standard [12] is an
attractive option for QoS support in distributed space communication platforms, but needs crucial
enhancements for time-sensitive applications. Specifically, emergency service support is not inherent
in EDCA scheme due to the open contention-based (probabilistic) resource allocation process. Health
and environmental monitoring within space habitats requires support for alarm dissemination from
sensors in case of emergencies, and our group is working on an in-channel distributed service
preemption methodology that will enhance emergency support in the EDCA protocol.
The smart preemption algorithm will identify pending emergencies and will invoke preemption
privileges to interrupt the services of other routine traffic in the network for rapid dissemination of
emergency traffic (similar to ambulance on road). For enabling emergency preemption we formulate
modifications to the standard IFS and slot time design allows, where the emergency class traffic has
unique and smaller access-wait and slot times in comparison to values used by all other traffic classes.
Our Channel Preemptive EDCA (CP-EDCA) [13] method does not depend on the services of any
central coordinator (distributed) and the channel is open for emergency preemptions even after
acquisition by lower class traffic (in-channel preemptions). Fig. 5 shows the concept of in-channel
emergency preemptions.
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Fig. 5. In-channel Emergency Preemption Concept.

The emergency queue, if non-empty, has the privilege to interrupt an on-going TXOP burst of other
lower priority queues from any wireless station. The interrupted queue backs off and follows the
EDCA contention procedure to regain channel access after the emergency bursting. The shorter
Interframe Space (IFS) [12] times, EPAIFS and EPSIFS, for emergency class traffic as compared to
other lower priority class (NPSIFS) allows for preemptions even during the lower priority transmission
burst.
Simulation validations of CP-EDCA concept depict up to 50% uniform reduction in emergency access
delays, deterministic delay bounds and insensitivity to lower class traffic competition. Figs. 6 and 7
depict the emergency class performance enhancement achieved by our preemption algorithm.
CP-EDCA decreases the average MAC delay of emergency traffic at the expense of increased delay
for lower priority traffic, which might be an acceptable trade-off during emergency monitoring. Most
importantly, the delay of emergency frames is insensitive to the degree of competition from routine
traffic. This insensitivity to the presence other lower-priority network traffic enhances the CP-EDCA
guarantees from stochastic to more deterministic performance.
Preferential bandwidth assignment is merely not enough, if the link is going to be erroneous during the
allocated transmission periods. The immediate optimization required to extend CP-EDCA scheme for
space monitoring applications is the incorporation of tolerance to frequent link outages. Evaluation of
the CP-EDCA performance in simulated wireless environments subject to severe multi-path fading and
interference effects will identify the space environment specific design enhancements. The purpose is
to incorporate link-level intelligence into our protocol design such that the expected performance is
achieved even under channel errors. Utilizing the link quality and EM distribution estimations at the
MAC layer for adaptive resource allocation along with the techniques described in this section would
lead to robust fault-tolerant QoS protocols for space applications.
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5. Future Directions and Conclusions
Wireless sensor networks (WSN) are used in many applications that range from smart home, to
telemedicine, to space explorations. Because of the local processing capabilities added to the sensors a
lot of decisions can be made locally reducing the communication time between the sensor/actuator and
the decision making entity. Because of this improved feedback time and improved intelligence
associated with modern sensor devices, wireless sensor network are proliferating in control systems
and space exploration systems. Given that there are networking technologies that can be used with
some deterministic delay bounds, along with sensors that utilize miniaturized technologies; the weight
factor is significantly reduced along with improved reliability. They will further find applications in
control systems with stringent requirements. These advantages bring certain challenges that need to be
addressed, including
- Wireless channel is prone to interference and therefore the number of devices that can be connected
should be designed to satisfy the signal to noise ratio requirements
- Reliability: studies need to be conducted on fault tolerance and QoS reliability in space
environments
- Optimum placement of sensor transceivers within the space habitat for consistent radio link
connectivity.
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Abstract: A few accelerometers positioned on different parts of the body can be used to accurately
classify steady state behaviour, such as walking, running, or sitting. Such systems are usually built
using supervised learning approaches. Transitions between postures are, however, difficult to deal with
using posture classification systems proposed to date, since there is no label set for intermediary
postures and also the exact point at which the transition occurs can sometimes be hard to pinpoint. The
usual bypass when using supervised learning to train such systems is to discard a section of the dataset
around each transition. This leads to poorer classification performance when the systems are deployed
out of the laboratory and used on-line, particularly if the regimes monitored involve fast paced activity
changes. Time-based filtering that takes advantage of sequential patterns is a potential mechanism to
improve posture classification accuracy in such real-life applications. Also, such filtering should
reduce the number of event messages needed to be sent across a wireless network to track posture
remotely, hence extending the system’s life. To support time-based filtering, understanding transitions,
which are the major event generators in a classification system, is a key. This work examines three
approaches to post-process the output of a posture classifier using time-based filtering: a naïve voting
scheme, an exponentially weighted voting scheme, and a Bayes filter. Best performance is obtained
from the exponentially weighted voting scheme although it is suspected that a more sophisticated
treatment of the Bayes filter might yield better results. Copyright © 2009 IFSA.
Keywords: Posture classification, Evaluation of performance for posture classification
instrumentation, Dealing with postural transitions, Data annotation, transitions filtering algorithms and
experimental results, Context: case study of bomb disposal missions operatives monitoring
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1. Introduction: Motivation and Problem Definition
The aim of this work is to develop a real-time, accurate, energy efficient, posture classification system
for a variety of simple postures, based on two or more worn tri-axial acceleration sensors. The set of
postures considered are: walking, standing, sitting, kneeling, crawling, lying face down, lying face up
and lying on one side. These specific postures are commonly encountered in bomb disposal missions
and the monitoring of operatives in such missions provides the motivating application for the work
proposed here [1]. The role of the postural monitoring system is to infer the operative’s posture and
relay this information to a remote observer / base station, in real-time.
Our prior work has shown that a classifier based on supervised learning techniques (specifically,
decision trees) complemented by some feature extraction can be designed and implemented to
correctly classify the above set of postures on-body and in real-time with 97 % accuracy [1]. The
stated performance was obtained when evaluating the classifier system over a test dataset gathered
from
4 subjects, performing a 40 minutes activity regime that encompassed all 8 postures considered. While
the subjects were asked to move as naturally as possible during the regime and also perform set tasks
while kneeling or sitting, for example, the data set was manually truncated for the purpose of the
evaluation. The manual truncation process was based on experimental observations and only the
classification of clear steady state postures has been considered. Data from the start and end of each
activity has been discarded, to ensure that the set contained only representative posture data. (The
training dataset was produced following the same process.) When systems such as this are deployed
outside the laboratory, however, the remote observer, whilst benefitting from highly accurate
classification in steady state, is faced with much postural fluctuation and temporary incorrect
classifications during postural transitions.
Much of the work proposed in the literature follows a similar model to that above in designing and
evaluating classification systems [2-8]. Consequently, the effect of transitions on the classifier output
would be similar for those systems and their associated monitoring application areas.
Thus, improvement in a supervised classifier’s performance implies a closer look at the problem of
dealing with transitions. In principle, a classifier could be used to identify and label when transitions
are occurring. However, several practical problems arise when attempting to train such a classifier (the
difficulty of fine grain supervision, the need to train with all possible transitions, the lack of common
features between transitions, etc).
In any case, it is not necessarily desirable to identify each transition type. Rather, the aim is to
minimise the posture fluctuations during transitions, and to ensure that actual postural transitions are
identified smoothly and represented in the output with minimum number of incorrect classifications.
More generically, eliminating fluctuating output during transitions has several key benefits to real-life
posture classifiers:
• Reducing the energy requirements of event based wearable systems, and hence extending their
lifetime;
• Improving the overall accuracy during natural movement;
• Supporting automated control.
The energy cost of communication is one of the most significant components of wireless sensor design
as they typically make use of small batteries or energy harvesting, such as a photovoltaic cell. This low
energy budget provides an incentive to use raw sensor values to estimate the system’s state locally and
transmit only when the state of the system changes. Conceptually, this implies departure from
continuously reporting classification systems (which are the norm in most applications) to event-based
214

Sensors & Transducers Journal, Vol. 7, Special Issue, October 2009, pp. 213-223

systems. Assuming that the underlying system state is relatively stable, the benefit of transmitting
events is largely dependent on the quality of the system state estimate. If the state estimate fluctuates,
it causes many more messages to be transmitted. Take, for example, an activity regime involving
8 possible postures, over 1 minute, monitored using a wearable accelerometer based system sampling
at 10 Hz. Assume that 15 posture transitions occur, lasting a total of 10 seconds. The remaining
50 seconds are comprised of 16 periods of steady state posture. In a conventional decision tree-based
classification system, such as the one previously developed by the authors here, 600 posture messages
are transmitted, of which 100 correspond to transition periods. By only transmitting state events
(i.e., messages to indicate when the state has changed), a perfect classifier might hope to reduce the
number of messages from 600 down to 16. Given the likelihood of some noise in the state signal,
particularly during transitions, the number of events might be closer to 100.
A further argument for eliminating fluctuations is the case where automated decisions are taken on the
basis of the classifier output. In this case, it is important that the perceived postural state does not
fluctuate unnecessarily as this will carry through to fluctuations in the automated control.
In this work, we attempt to resolve the problem of inaccurate and fluctuating classification during
transitions using time-based filtering. Several filters have been designed and are evaluated here: a
naïve voting scheme, an exponentially weighted voting scheme, and a Bayes filter.
Thus, motivated by the above, this work aims to answer the following two questions:
• Can posture classifier performance be improved by including a post-processing time-based filter?
• Of several approaches, including a naïve voting scheme, an exponentially weighted voting
scheme, and Bayes filter, which filter produces the best performance?
The rest of the paper is organised as follows. The following section describes the three sequential
filters used to attempt to remove fluctuation from the classifier output. Section 3 details the criteria
used for evaluation of each filter. Section 4 contains the results of this evaluation and the paper is
concluded in section 5.

2. Sequential Filters
Although posture classification is often treated as a typical supervised learning task where each
training tuple is independent and identically drawn, it is clear that, from one moment to the next,
posture is not independent. This implies that better performance should be available by making use of
the time-based nature of the classification task [9].
In our prior work, adequate results have been achieved without treating the problem as a sequential
supervised learning task; using a simple decision tree classifier. In this work, it is proposed that
improvement on those results might be possible by using a post-processing filter. A number of options
are considered: a simple voting scheme, a weighted voting scheme, and a Bayes filter. These take a
time-series of posture classifier outputs and attempt to “smooth” them based on the assumption that
posture tends to be static over time. These filters only take as input the estimated posture and do not
consider sensor values.

2.1. Voting Scheme
The voting scheme uses a sliding window where the last N classification results are summarised to find
the most popular. Given a set of past unfiltered posture estimates d(t), d(t – 1), …, the class chosen c*
at time t is given by,
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,
where the term in square brackets yields 1 if true and 0 otherwise (following Iverson’s bracket
notation). The set C denotes the possible postures. Although simple and robust, this scheme has the
problem that all votes are equal, whereas more recent posture estimates are likely to be a better
indicator of actual posture than less recent ones. The following approach takes this factor into account.

2.2. Exponentially Weighted Voting
Exponentially weighted voting (EWV) is inspired by an exponentially weighted moving average
(EWMA). This voting scheme attributes greater weight to more recent unfiltered posture estimates. As
with EWMA, it can be calculated recursively by tracking the vote weight associated with each class.
First, given the current unfiltered posture estimate d(t) and the prior class vote weight wc(t – 1), a vote
weight for each class c is calculated as,

A constant α controls the relative weight of newer values over old. Second, the class
for all
with the largest weight is chosen,

The voting weights act somewhat like prior probabilities of the class being chosen. This suggests that a
more rigorous approach would be to estimate prior probabilities and formulate the problem as a Bayes
filter. This is the approach taken in the next section.

2.3. Bayes Filter
A Bayes filter is a general algorithm for filtering on the basis of a Dynamic Bayesian Network
model [10]. The Bayesian net model for this filter is shown in Fig. 1 and consists of a time-based
dynamic net where the postural state x evolves over time and also affects sensor readings z.

Fig. 1. Dynamic Bayesian net for postural state x over time and corresponding sensor reading z.

The model contains two causal links: First, the posture x causes accelerometer sensor readings z.
Second, posture xt – 1 at time t – 1 influences the posture xt at time t. In principle, the intentions of the
wearer form a “control” causal link, however it is assumed that this is unobservable and thus is not
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included in the model. (There may be some point to modelling intention since intermediary postures
are gone through when going, say, from kneeling to walking. Therefore, a uniform set of intentions
yields a non-uniform distribution between subsequent postures. It is not clear, though, what the
distribution of intentions might be.)
In our approach, a further link exists between the sensor values and the unfiltered estimated posture.
We collapse the two-stage link between actual posture and estimated posture into a single causal link.
The estimated posture at time t is thus denoted zt from here on. This necessarily ignores some
information that would be available by considering individual accelerometer readings.
The key difference between a Bayes filter approach and hidden Markov model (HMM) approaches
used elsewhere [2, 3] is that in the Bayes filter, the state (which is hidden in an HMM) corresponds to
a known attribute, such as the wearer’s posture. In our approach, we start with an existing decision
tree-based classifier that infers posture from acceleration sensors readings and that has known
classification accuracy.
The filter requires us to identify the set of conditional probabilities associated with changing or
keeping posture P(xt | xt–1) and those associated with the sensor identifying a posture, given an actual
posture P(zt | xt). These are referred to here as the transition model and sensor model, respectively.
One way to obtain these conditional probabilities is to derive them from experience. In this case, it is
important that the environment and behaviour of the subject is as natural as possible. Also, extensive
trials are required to produce a good estimate of the true conditional probability distributions. An
alternative approach is to use existing knowledge to estimate the transition and sensor model
distributions. For example, it is well known that posture does not tend to change. Furthermore, the
accuracy of the estimated posture (and thus the associated conditional probability distributions) can be
derived from the precision and recall of the classifier.
In this work, we fix the conditional probability of the posture staying the same according to,

for all postures u. All other cases are set uniformly. The sensor model is set according to,

for all postures k. Again, other cases are set uniformly. Thus the entire set of conditional probabilities
is defined by two constants p and q.

3. Evaluation Criteria
Evaluation of classifiers is traditionally based on true and false positives and negatives. For example,
precision and recall are both calculated from these underlying metrics. However these do not fully
demonstrate the performance of a classifier when used for classifying a sequential process.
An example of a time-based aspect that is important in the system under consideration is the number of
event messages that such a system would need to generate and send in order to inform a remote
observer of the state. If the state estimate tends to fluctuate, this will cause a corresponding increase in
the number of messages that need to be transmitted. Similarly, if the state signal is used for automatic
control, then fluctuation in the state will tend to degrade the quality of the control system. On this
basis, the number of “events” is a useful metric to consider.
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A potential problem with smoothing filters is that they introduce lag. That is, that the state estimate
changes too slowly to keep up with changes in the underlying system. Fortunately, for a classifier that
is usually correct, the classification accuracy metric is an adequate indicator of the occurrence of lag
and therefore no separate metric is used.
Classification accuracy during transition periods is estimated here by assuming that the classifier
should output either the prior posture or the subsequent posture. This is not a perfect measure since it
is common for intermediate postures to occur that are neither the prior nor subsequent postures, and
these may be correctly identified by the classifier. An improvement might be to identify possible
intermediate postures and allow those to appear also. For example, between crawling and standing,
some short period of kneeling can be expected to occur. However, for the purpose of the evaluation
here and also with a view that the essential information to the remote observer is to do with the stable
states rather than how the subject moves from state to state, the presumption of prior or post state as an
output is sound.
Thus, two measures are used to evaluate the performance of the proposed filters: classification
accuracy (including both steady state and transitions), and number of events generated (assuming that
a perfect system would generate a single event initially and then one event per actual change in
posture).

4. Experimental Results
The instrumentation and experimental set-up supporting the work reported here as well as the results
obtained are detailed below.

4.1. The Wearable Instrumentation Systems
A prototype posture classification system has been developed by the authors and described fully
elsewhere [1]. For clarity, key elements of the system design and implementation are briefly presented
below. The overall design is structured around a mix of wired and wireless communication. Multiple
sensing packages are wired to two processing nodes, which communicate with each other and with a
base station wirelessly. (This mix of wired / wireless communication is similar to that of the Xsens
Moven inertial tracking system [11].) Hence the system here is designed as a three node body sensor
network with three tiers of communication: sensor package to processing nodes (wired); node to node
within the suit (wireless); and node to base station / remote monitoring unit (wireless).
The acquired 3D acceleration data is processed locally, in-network, at one of the worn nodes, rather
than at a remote base station, thus enabling local information based decisions to be taken when the
posture classifier is part of a larger sensing and actuation system. The system data flow is shown in
Fig. 2.
At a remote base station, a visualiser provides an easily interpretable display of the posture of the
wearer. Classification of posture is performed using decision trees. Weka [12] was used to perform all
machine learning and the resultant trees were converted to Python to run on the nodes. The Gumstix
Verdex XM4-bt devices, shown in Fig. 3, were used as the main processing and communications
platform. Several bespoke acceleration sensor boards are connected to each Gumstix device via an
expansion board that provides I2C bus connections and connects to the Gumstix via the Hirose
connector. Each sensor board consists of a microcontroller, a temperature sensor, a tri-axial
accelerometer, and an I2C bus extender. The board was designed as a low-cost, small size, low-power
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wearable solution based on commodity components. The microcontroller is a Microchip
PIC24FJ64GA002, while the accelerometer used is a STMicroelectronics LIS3LV02DQ. The Gumstix
devices communicate via Bluetooth, node-to-node and node-to-base station. The remote base station
receives and displays posture information, either continuously or on an event basis (transmitting only
an update when the posture changes). Acceleration readings are taken at a rate of 10 Hz, and postural
activity is also assessed at this rate.

Fig. 2. System data flow.

Fig. 3. Two prototype processing nodes being worn.

The sensors were positioned on the subject's body (chest, biceps, forearms, calf's and thighs), as shown
in Fig. 4. A single acceleration sensor was used per body segment. The five sensors used for the upper
body are connected to one node (jacket node), whilst the four sensors fitted on the lower body are
connected to a second node (trouser node; see Fig. 2).
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The posture classifier is based on decision trees. A set of windowed variance (WVar) features is also
used as input to the decision algorithm together with the sensor data [1]. The window size was fixed to
5 seconds (50 samples).

Fig. 4. Sensor positions.

A variety of trees were trained in prior work, of which two were used here for the evaluation of the
filters:
• WVar 2 that uses only the subset of two sensors mounted on calf and thigh;
• WVar 9 that uses all 9 body mounted sensors.
Seven subjects and three different activity regimes were used (R1, R2, and R3) for training the above
trees. The R1 regime was composed of sitting, standing, walking, kneeling, crawling, lying on one
side, lying down on their front, and lying down on their back. Each posture was maintained for
1 minute, with the subject performing light arm movement tasks combined with variations from the set
positions (such as for example, leaning back, forth, sideways, whilst walking and standing). The
R2 regime focused on bomb disposal mission-like activities, which included (1) walking (3 minutes);
(2) kneeling while putting weights into and out of a rucksack; (3) crawling (2 minutes); (4) arm
exercise while standing (4 minutes); (5) sitting (3 minutes); (6) standing (1 minute). The R3 regime
expanded on the above further by including more natural movements (such as lifting weights whilst
standing, or unpacking a box whilst kneeling). Each volunteer performed each regime once. Timeconstraining each activity simplified annotation of the resulting data. About 40 minutes of
accelerometer measurements over nine tri-axial accelerometers were gathered per subject. Data was
truncated for training purposes and only posture representative segments were used. All transitions
were eliminated from the training data set.
For the purpose of gathering the test dataset, the architecture of the system described above was
modified slightly to enable time synchronization between nodes and base station to be used. In this
new configuration, both the lower and upper body nodes acquired and time-stamped the acceleration
data and forwarded it to the base station for classification purposes. The NTP protocol was used and
data was stamped as acquired by each node. At the base station, the full acceleration vector was
formed only if data stamps associated with the lower and upper body readings were sufficiently close
together (less than 0.1s). The filters described in Section 2 then process the classification output.
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4.2. The Experimental Set-Up
For the purpose of the study here, a test dataset were gathered from one subject, over a 30-minute
regime. The regime involved the subject being prompted (with audio and visual signals) at 30-second
intervals to move to a randomly selected posture from the defined set. An observer recorded the time
when the move to the posture had been completed by pressing a button. All 8 postures studies were
however covered at least once during the regime.
The dataset thus gathered contained 58 transitions with a total duration of 2.7 minutes, and 58 steady
state postures with a total duration of 28.9 minutes.

4.3. Results
The performance of the two trees, WVAR-2 and WVAR-9 was initially assessed on the basis of a
truncated test dataset, with no transitions. The accuracy of the two trees was found to be 94.5% and
97.2%, respectively. When evaluating performance for the whole test set including transition periods,
the performance dropped to 86.4% and 84.2%, respectively. This latter performance is based on
counting transition period classifications as being correct if they match either the prior posture or the
subsequent one.
The output of the two decision trees (WVAR-2 and WVAR-9) was filtered by each of the algorithms
described in Section 2, for the dataset acquired following the experimental method described in
Section 4.2. The classification accuracy and number of events were calculated for each tree and each
algorithm for a variety of parameter values (window size for the voting scheme, α for EWV, and q for
the Bayes filter). The results are plotted in Fig. 5.
With the exception of some results where tuning parameters were poorly chosen, all filters
substantially improved the performance in terms of classification accuracy. From the graphs in Fig. 2,
an optimal window size for the voting filter appears to be around 20 samples (corresponding to 2 s),
while peak performance for the EWV filter is given by α of around 0.05. This filter gave the best
performance of the three post-processing filters. The Bayes filter gave reasonable performance unless
q was set to a value close to unity but generally its performance was still significantly worse than
EWV.
The Bayes filter generated more events for WVAR-2 but all filters made a substantial reduction in the
number of events compared to the unfiltered data (the unfiltered classifier generated 1130 events for
WVAR-2 and 558 for WVAR-9).
It was unexpected that the Bayes filter would perform poorly in comparison to EWV. It seems likely
that this was due to the simplifying assumptions made rather than a problem with the technique per se.
On the other hand, the Bayes filter appears to be straightforward to tune (p is set according to the
likelihood of the posture staying the same, and q is set according to the expected accuracy of the
classifier).
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Fig. 5. Performance results for (from top to bottom) voting, EWV, and Bayes filters for postures estimated
based on 2 sensors (WVAR-2, shown on left) and 9 sensors (WVAR-9, on right). The graphs show the resulting
accuracy (% correct) and number of events generated. The accuracy (only) of the unfiltered classifier results is
shown as a dotted horizontal line. For the Bayes filter, p was set to 0.998.

6. Conclusions
This work considers the issue of transitions and their effect on posture classifiers accuracy and
subsequent effect on the energy efficiency of a wireless wearable posture classifier.
Transitions pose a problem by decreasing the performance of classifiers trained using supervised
learning given that common practise is to use truncated, steady state only data for the training.
Avoiding truncation during training is not, however, the answer to improving real-life performance of
classifiers.
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Three filters are proposed and evaluated here. All filters improved the performance of the classifier
and reduced the number of event messages generated, hence drastically reducing the energy needs of a
wearable posture monitoring system.
The exponentially weighted moving average scheme is a simple approach that builds on the voting
scheme and proved to give the best results of the filters tested.
The Bayes filter performed less well than expected but this may be due to the simplifying assumptions
used in generating the conditional probabilities. It may also be due to it assuming that the state (or
posture) has the Markov property. A more thorough exploration of this approach will be performed in
future work.
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