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Introduction:
Pathological processes are mediated by
a disruption in biochemical signaling,
where cell mechanics can play a critical
role [1]. For example, the stiffness of a
cancer cell can affect its ability to deform
and squeeze through the extracellular
matrix to lymphatic or blood vessels
during metastasis to distant organs. The
study of cell mechanics requires microengineered tools to apply a localized force
and make precise physical measurements.
Micropipette aspiration is a classical tool
used for mechanical analysis of single cells,
and several cell mechanical properties can
be measured by studying cell deformation
[2]. This technique, however, is limited
by its low throughput and requires highly
specialized training in practice. Recently,
Figure 1: The microfluidic pipette array device. (a) PDMS device, (b) overall schematic,
our lab has developed a microfluidic device
(c) device components and controls (d) control channels, (e) flow channels, (f) aspiration
chamber and micropipette.
based on multilayer polydimethylsiloxane
(PDMS) soft-lithography to study single
cell mechanics in an automatic and parallel
manner [3]. Through the manipulation of
volume flow rates, this device is able to trap and apply a
Three silicon molds were fabricated for PDMS casting
precise pressure difference across single cells. In this work,
of both flow and control layers using SU-8 photoresist
we incorporated a flow control layer intended to improve
patterning. The first mold defines the top half of the flow
the trapping efficiency of single cells and conducted
layer and micropipettes, while a second mold defines the
simulations and experimental studies to characterize
bottom half of the flow layer. The third mold defines the
the device. This novel microfluidic device was used to
control channels. After demolding the control layer, it
characterize the mechanical properties of human breast
was bonded to the top flow layer using a custom PDMS
cells. The potential to increase the throughput of this
alignment setup. The top and bottom flow layers were then
microfluidic pipette array device will enable clinical
demolded, aligned, and bonded together to form the flow
applications in mechanophenotyping.
channel.

Method:
Figure 1 depicts the three main components that constitute
the microfluidic pipette array. The PDMS membrane of
the control channels was deflected using a pneumatic
system to increase the flow resistance in the main channel
and force fluid to flow through the micropipettes to load
single cells into the aspiration chambers. Upon the release
of the control layer, increasing the flow rate in the main
channels exerted a pressure across the cell to aspirate it
into the micropipette.
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Numerical simulations of an incompressible, laminar
flow model in COMSOL were used to characterize the
deflection of the control channels under pneumatic
pressure and the effect on single cell trapping efficiency.
For experimental operation, a syringe pump was used to
control the flow of cells into the microfluidic channels,
and a pneumatic control was used to pressurize the control
channels. An optical microscope (Nikon TiS) with 20×
magnification objective was used for time lapse imaging
of cell deformation. MatLab image analysis of the radius
of the cell and protrusion length during aspiration can
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of blocking a rectangular channel by the deflection of a
PDMS membrane without rupturing the membrane or
causing air bubbles to enter the flow channels through the
porous PDMS. Mineral oil could potentially be used to
prevent air bubbles, and using a thinner PDMS membrane
and a wider flow channel might improve deflection and the
flow resistance. Upon trapping, micropipette aspiration
was conducted by increasing the flow rate to exert a
pressure on the cells as shown in Figure 3. The lengths of
the protrusions were measured in order to calculate the
stiffness of the cell.
Figure 4 shows the increase in the protrusion in the
micropipette of an MDA-MB-231 human breast cancer
cell as the pressure difference across the cell increases over
time. The Young’s modulus of the MDA-MB-231 cell was
measured to be 125 Pa, and the cortical tension of the
MCF-10A cell is 1.47 mN/m. These preliminary results
indicate that successful operation of the control channels
will improve trapping efficiency to increase throughput for
studying single cell mechanics. The stiffness of cells can
easily be measured using the microfluidic pipette array.

Acknowledgements:

Figure 2, top: Streamlines in the microfluidic pipette array indicating
where cells will follow the streamlines and be trapped in the aspiration
chambers for varying deflections of the PDMS membrane, where ΔH is
the deflection. (COMSOL simulations.) Figure 3, bottom: Aspiration of
cells into the micropipettes. (a) MDA-MB-231 cell in a straight pipette,
where the white line indicates the contour of the cell, (b) MCF-10A cell
in a tapered pipette, where the white line indicates the protrusion length.
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be used to determine the Young’s modulus and cortical
tension of human breast cell lines of non-tumorigenic
MCF-10A cells and metastatic MDA-MB-231 cells.

Results and Conclusions:
Figure 2 shows the numerical simulation results of
streamlines in the microfluidic channels for varying
deflection of the PDMS membrane. An increase in
deflection corresponds to an increase in the ratio of
fluid flowing through the pipettes compared to the main
channel. A deflection of 45 µm in the 50 µm channel
resulted in a flow ratio greater than one, which means that
more fluid is flowing through each pipette than through
the main channel. Experimentally, we observed that the
control channels had a minimal effect on the streamlines,
and saw no significant improvements in trapping
efficiency. This result is possibly due to the challenge
2015 NNIN REU Research Accomplishments

Figure 4: (a) Increasing the flow rate over time corresponds to
an increasing pressure difference across the cell. (b) The pressure
increases over time with a corresponding increase in protrusion
into the micropipette for an MDA-MB-231 cell.
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Introduction:
Gas sensors have been used for nearly
four decades in order to measure
gas mixture composition or identify
certain gases [1]. The majority of
conventional gas sensors function
via electrochemical detection, but
electrochemical sensors face certain
disadvantages, including having a
low shelf-life, requiring individual
sensor calibration, and containing
corrosive sensor components.

of the technique, most of the heat
generated in the heater line should
diffuse through the gas medium. To
satisfy both the criteria, a heater line
geometry as shown in Figure 1 was
designed. A thin layer (~ 50 nm) of
metal (e.g., gold) deposited on the
circumference of an insulating core
(e.g., glass fiber) of larger dimension
(~ 50 µm) served as the heater line.

In this study, borosilicate glass fiber
Recently, a gas sensor based on the
was used as the insulating core and
3-Omega technique was developed
gold, platinum, and copper were
[2]. In a standard 3-Omega
deposited circumferentially onto
Figure 1: Schematic for cylindrical heater
technique, a current of root-meanthe core. The fibers were cleaned
line geometry.
square value (RMS) Iω,RMS and
in acetone, deionized water, and
angular frequency ω = 2πf is driven
isopropyl alcohol prior to deposition.
through a metal heater line, causing
The fibers were then suspended
Joule heating at frequency 2ω. The resulting thermal
across a deposition lathe designed to rotate and provide a
wave penetrates the surrounding environment, causing a
uniform circumferential coating, as shown in Figure 2. The
temperature fluctuation at the source at a frequency 2ω,
metal coating of desired thickness was achieved by placing
but at a phase lag φ. The temperature oscillation causes
the lathe within a vacuum sputtering system. The rotation
the resistance of the heater to oscillate at 2ω. The current
of the lathe was controlled by the planetary motors of the
driven at a frequency 1ω and the resistance fluctuation at
sputtering system. An 8 nm thick titanium layer was first
frequency 2ω causes a voltage fluctuation at a frequency
deposited as the adhesion layer, and was followed by a 300
3ω across the heater-line that is dependent on the thermal
nm thick layer of the metal.
environment of the sensor. The 3ω voltage amplitude
and phase are directly measurable and depend on the
composition of the surrounding gas. Since different gases
result in different 3ω signals, the 3-Omega technique can
be applied for gas sensing purposes. The purpose of this
study was to fabricate heater lines that will improve the
sensitivity of the technique while consuming lower power
(< 1 mW) than many commercially available sensors.

Design and Fabrication:
The 3-Omega technique is best applicable for 1-D
geometries and therefore, a cylindrical geometry with
Length>>Diameter is preferred. To improve the sensitivity
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Figure 2: Rotating deposition lathe designed for vacuum
sputtering system.
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Because the sputtering system deposited metal in a
rectangular plane while the lathe was rotating in a
cylindrical motion, the actual thickness on each fiber was
theoretically calculated to be 300/π = 95.5 nm. The factor
of π results from the ratio of the fiber’s actual surface area
(πDL) to the area projected onto a horizontal plane (DL).
Since the deposition process was set to a custom calibrated
run for the lathe, the thickness and uniformity of the metal
layer had to be characterized. The cross section of the
fiber was analyzed under a scanning electron microscope
(SEM) for two configurations. The first configuration
involved embedding the fiber in a solidified epoxy, which
was then sliced and polished before imaging. The second
configuration involved vertically placing the coated fibers
onto the SEM stand via double sided copper tape. The
second configuration yielded better images as the presence
of epoxy interfered with the imaging process.
Energy dispersive x-ray (EDX) tests were performed to
verify the presence of metal coating on the surface of the
sensor. It was observed that gold and platinum coatings

were uniform, whereas copper showed inconsistency.
Figure 3 shows the measured thickness of the metal layer
in small region of the cross-section. The average thickness
in this region was determined to be 82.5 nm with a
standard deviation of 11.6 nm, which was lower than
the theoretical value of 95.5 nm. Further depositions are
required to calibrate sputter deposition rates.

Experiments:
The first test was to determine the rate of change of
resistance with temperature, dR/dT, as it plays a vital
role in analyzing the 3-Omega signal. The fibers were
suspended across a dual in-line chip package (DIP) and
connections to the pins were established using gold wires.
The gold wire was connected to the fiber using conducting
silver paste, which was cured at 60°C for a period of
36 hours, and the other end was wire bonded to the pin.
The sensor was placed in an oven, and resistance was
measured across a range of temperatures. Figure 4 shows
the variation of resistance with temperature and the value
of dR/dT. 3-Omega measurements were taken with the
sensor placed in ambient air to verify the functionality of
the sensor.

To fully characterize the sensor, experiments need to be
carried out in the presence of different gas mixtures. The
resulting 3-Omega data will be used to determine the
sensitivity. An iterative study involving the deposition
parameters and input current will be performed to
optimize the sensitivity and power consumption of the
sensor.

Figure 3: Thickness analysis on an SEM of Au coated fiber.
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Figure 4: dR/dT measurement of Au coated fiber.
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Abstract:
This project focused on the fabrication and characterization of piezoelectric microphones with out-of-plane
directivity. These devices use a 1.2 µm thick aluminum nitride (AlN) thin film as the piezoelectric transduction
material in place of lead zirconate titanate (PZT), utilized in earlier prototypes. Previous devices exhibited
undesirably high resonance quality factors close to 40 at a frequency of 2.6 kHz, distorting recorded sound.
One of the main focuses of this project was to provide an even response within the audible frequency range.
AlN shows a lower dielectric loss (tanδ) than PZT (i.e., a smaller leakage resistance and thus achieves a higher
signal-to-noise ratio). In addition, AlN opens the possibility for complementary metal-oxide semiconductor
(CMOS) integration in system-on-a-chip designs. Lastly, AlN does not require a poling process, as the internal
polarization of AlN is defined by crystalline orientation (i.e., c-axis) achieved in this study via direct current
(DC) reactive sputtering. Fabricated prototypes had a diaphragm made of 10 µm thick epitaxial Si, supported
by a thin Si beam — both the beam and the diaphragm being the same thickness — and on top of which, the
piezoelectric thin film and electrodes were deposited. In preliminary testing, application of an AC voltage
signal across the device electrodes yielded motion of the diaphragm detected with a laser doppler vibrometer,
showing evidence of a functional piezoelectric AlN film.

Purpose:
Directional microphones are used in products where consumers
would like to receive sound from a particular direction or source
rather than give all directions equal weighting. These directional
microphones could be used in devices to detect movement, to
capture higher quality signals for hearing aids, and in products
such as video game devices where noise from the back of the
console can be ignored and only signal from the front of the
device captured.

Introduction and Background:
A PZT-based microphone with out-of-plane directivity was
previously explored. To achieve a higher signal-to-noise ratio
(SNR) than the previous prototype, a new piezoelectric material
(AlN) is implemented to create a new prototype sensor. The
lower dielectric loss of AlN compared to PZT is the key for a
high SNR. In addition, new designs are developed and fabricated
followed by device characterization.

Design:
The mask layouts of various microphone designs are shown in
Figure 1a. The cross-section and top view of one such structure
are shown in Figure 2. The designs included a perforated paddle,
which would allow for a reduction in mass of the paddle, classic
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Figure 1, top: Computer-aided design layouts of paddle and
electrode structures. Figure 2, bottom: Cross section and
top view of the proposed microphone that was fabricated.
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Figure 3(a-b): SEM images showing the front and back of one of
the fabricated microphones.
Figure 4: Velocity measurements of a diaphragm taken using a
laser doppler vibrometer. The diaphragm is actuated by applying
AC voltage across the AlN film on the device.

tests met the goals for this project to realize a resonance
with a quality factor close to unity. The previous device’s
resonance peak was located at 2.3 kHz whereas these
devices had a resonance peak at 6.3.

Experimental Procedure and Fabrication:

Results and Future Work:

The fabrication of the microphones used a silicon-oninsulator (SOI) wafer as the starting substrate. Aluminum
oxide (Al2O3) masking layers were deposited using an
atomic layer deposition tool and then patterned using a
reactive ion etch (RIE) process. The device layer was then
etched using this mask and a deep RIE (DRIE) tool. The
etch was stopped by the insulator layer of the SOI wafer.
The masking layers were then removed and the bottom
electrodes were fabricated using a layer of platinum/
titanium (Pt/Ti). This was followed by deposition and
patterning of the aluminum nitride (AlN). Finally, top
electrodes were realized using titanium.

Rigorous characterization of the microphones will be
conducted including acoustic frequency response and
directivity measurements in an anechoic chamber, as
well as further characterization of each device structure
(perforated, square, circle, and torsional). Optimization
of process conditions for uniform AlN deposition will be
further explored as well as methods for depositing higher
quality AlN film with less surface defects and higher c-axis
orientation, as measured in the x-ray diffraction (XRD)
tool.

The moving element of the design was the suspended
silicon region formed by a deep silicon etch of the backside
of the SOI wafers. This backside etch was completed with a
DRIE process using Al2O3 as a hard mask. The completed
microphones had AlN as the piezoelectric material, thin
silicon suspended diaphragms, and Pt/Ti electrodes.
These devices were further characterized to determine
their electrical and physical proprieties.
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Physical and Electrical Characterization:
The completed devices were singulated and are
shown in Figure 3 a-b. Scanning electron microscope
(SEM) characterization of these devices showed welldefined diaphragm regions. Dynamic frequency
response measurements are shown in Figure 4. In these
measurements, the motion of a paddle was measured
using an LDV while the paddle was excited by applying a
broadband electrical signal into the piezoelectric port. As
shown, the devices were functional and the results of these
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circular and square paddles, and a biologically inspired
torsional microphone. In addition, the diaphragm
designs had two different electrode configurations, which
theoretically would increase the sensitivity of our devices.
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Abstract:
Piezoresistive materials change resistance in response to strain. In a piezoresistive accelerometer, displacement
of a proof mass causes strain on the proof mass support—consisting of a piezoresistive element—translating
to measurable changes in resistance. In this project, an accelerometer was designed and fabricated using
piezoresistive graphene on silicon nitride. Graphene is atomically thin, allowing for scalability to extremely
small accelerometers for potential implementation in large arrays of sensors. In general, an atomically thin
mechanical transduction element can provide new pathways to realizing nanoscale arrays of nano-electromechanical systems. Fabrication of the devices took place at the Cornell NanoScale Facility (CNF). Low stress
silicon nitride was deposited on a wafer, followed by deep reactive ion etching to etch high aspect ratio trenches
from the backside and release a silicon proof mass. The nitride layer connecting the proof mass to the substrate
served as the spring for out-of-plane acceleration measurements using the device. Nickel was deposited for
metallization contacts via a lift-off process, and piezoresistors made
of transferred graphene patterned using oxygen plasma. Devices were
successfully fabricated and tested for response. Extremely high gauge
factor of graphene on nitride was measured: 17451.

Introduction:
Accelerometers are used for a broad range of applications, from image stabilization,
to airbag deployment, to biomedical implants. Typical accelerometers are a
multiple mm2 in size, limiting their implementation in small scale devices. This
project aimed to create a higher sensitivity to size ratio accelerometer, reducing
cost of manufacture, and allowing creation of multi-sensor arrays in order to
further improve signal to noise ratio and detect specific frequency accelerations.
Piezoresistive materials are characterized by gauge factor (GF), a measure of
fractional change in resistance divided by strain on the material. Single crystal
silicon has a GF of 200. Previous research reported an extremely high GF (17980)
for graphene on nitride [1]. Displacement of a silicon proof mass causes strain
on the proof mass support-consisting of a piezoresistive element-translating to
measurable changes in resistance. An accelerometer’s sensitivity to force increases
with GF and lateral dimensions, while decreasing with piezoresistor thickness.
The ultra-high GF of graphene on nitride and low thickness of graphene cause
increased sensitivity without increased lateral dimensions.

Device Fabrication:
Device fabrication steps are shown in Figure 1; 350 nm of SiO2 was grown in an
oxide furnace followed by deposition of 650 nm of low-stress (~150-200 MPa)
silicon nitride (SixNy), then 2 µm of SiO2 was deposited using plasma-enhanced
chemical vapor deposition (PECVD) on the backside as an etch-mask for deep
reactive ion etching (DRIE) of the silicon substrate (I). The backside dielectric
stack of PECVD oxide, nitride and thermal oxide was etched with CHF3/O2
using a 10 µm thick photoresist mask (II). Next, a trench was cut around the
central proof mass, through the silicon substrate, using DRIE (III). The SiO2
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Figure 1: Process flow for accelerometer
fabrication.
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layer on the front side served as a DRIE etch-stop, and was
subsequently removed using vapor HF etching, leaving
the central proof mass connected to the bulk silicon wafer
only by the SixNy layer (IV). Next, a 40 nm layer of nickel
was deposited and patterned using a lift-off process. A
sacrificial lift-off resist layer was patterned, followed by
e-beam thermal evaporation of nickel. The sacrificial
resist layer was removed leaving only the patterned nickel
layer (V). The graphene piezoresistors were added next.
Graphene was grown via CH4 chemical vapor deposition
onto a copper foil substrate at 1000°C. A polymer layer,
used for transfer handling, was spin-coated on top of the
graphene. After chemical etching of the copper foil, the
graphene with polymer handle layer was cleaned through
serial dilution in DI water before being transferred on
the device. The graphene was patterned through oxygen
plasma etching with a photoresist mask (VI). Finally,
remaining resist and polymer were removed chemically.
The diced device can be seen in Figure 2.

reported values. Further work includes measuring the
noise floor of the device piezoresistors and studying
the variation of proof mass size in order to quantify its
relation to resonant frequency. Response at resonance will
also be examined. Extensions of this work will include
downscaling of devices, fabrication of multi-sensor arrays,
and 3-axis sensitivity using torsional motion of the proofmass.
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Figure 2: Optical image of topside of accelerometer.

Experiments:
The piezoresistive accelerometers were tested using a
Wheatstone bridge with three off-chip resistors. The
differential signal from the bridge was amplified and then
filtered for 60 Hz noise. An external shaker-table was used
to actuate the device at precise acceleration amplitudes
and frequencies. Acceleration was translated to a strain on
the graphene piezoresistor using a COMSOL model of the
accelerometer. The output voltage signal was converted
to a fractional resistance change of the piezoresistor,
which was then divided by strain to measure GF. A linear
regression of these values over a range of accelerations, as
seen in Figure 4, was used to measure GF.

Conclusions and Future Work:
The accelerometer was successfully fabricated and showed
linear response to acceleration. As seen in Figure 4, a GF
of 17451 was measured, in accordance with previously
2015 NNIN REU Research Accomplishments

Figure 3, top: Graph of DR/R vs. Frequency of Acceleration at Force
of 3 g. Figure 4, bottom: Graph of ΔR/R vs. Strain at 3000 Hz.
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With its amazing electrical and optical properties that
grant potential applications of ultrafast transistors, liquid
crystal display (LCD) screens, solar and fuel cells, and so
forth, an efficient method to fabricate graphene is very
important. Based on the principle of the “Scotch tape”
method, a mechanical approach using a motorized linear
stage is demonstrated to systematically isolate graphene
from graphite. Previously graphene was produced by
manually splitting graphite flake with adhesive tapes.
Since a manual approach is unfavorable for consistent and

stable results, a mechanical setup is considered to simulate
the process of “folding” and “peeling” in the “Scotch tape”
method.

The LabVIEW Program:
A LabVIEW program was designed specifically for the
motorized linear stage, running in a Virtual Instrument
Software Architecture (VISA) supported operation
environment. After VISA was initialized and a new
session was opened, the motor would be turned on and the
desired channel (any of the x, y, z positioners) was selected
to receive further commands. Then the stage entered the
phase of creating the designated patterns of thin layers
of graphite from a single thick flake by moving in x, y, z
directions in a chosen sequence. Finally, the motor was
turned off and the session was closed.

The Mechanical Setup:

Figure 1: The motorized XYZ linear stage and manual Z-axis
translational stage.

A systematic alternative to the “Scotch tape” method
involves the mechanical setup of a motorized XYZ linear
stage and a manual Z-axis translational stage, both of
which are products of Newport Corporation, Irvine,
California.

Figure 2: The process of forming
a line of flakes from dots and
that of forming a block of flakes
from lines.
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One piece of Scotch tape was attached to a piece of glass
slide fixed on the motorized stage; another piece of tape
was attached to an aluminum slide, which was mounted
on the manual stage. When the basic setup was completed,
the system was ready to create the pattern of thin layers of
graphite.
As the program was running, the motorized stage would
move up and down so that the first flake was halved. Then
the controller would command the y-positioner to move a
unit distance and repeat the z-axis movement to make the
second flake “dot.” On either of the two pieces of tapes, there
would appear 1 dot, 2 dots, 4 dots, and 8 dots in sequence
(Figure 2). Similarly, as the first line had been made, the
controller would direct the x-positioner to move a unit
distance and then had the z-positioner perform the z-axis
movement, which would ultimately lead to the formation
of a whole block of thin layers of graphite. When the setup
was set to make the whole block of thin layers of graphite
automatically, after the two pieces of tape were fixed in the
desired positions, the entire process took approximately
20 to 30 minutes.

Peeling Angle:

Two types of mechanical setup, which involved the usage
of springs, were proposed (Figure 3).

Results and Future Work:
From the resulting block of thin layers of graphite as well
as the sample under optical microscope, it was found
that the zero peeling angle method was more capable of
producing consistent samples even though it might not
necessarily have higher possibility in fabricating graphene.
Also, with a larger peeling angle, the sample appeared to
have a lot of long glue on it, which was from the tape and
could unfavorably cover graphene if there was any.
Currently, with no less amount of thick flakes, even
more glue on the sample, and higher possibility of
contamination due to more steps in the procedures, the
methods with larger peeling angles do not seem to help
produce samples of higher quality. However, if these
problems can be resolved, the setup that can achieve
130 degrees peeling angles can still be promising since
it is closest to the “Scotch tape” method, which has 180
degrees peeling angle and has been proved to be capable of
providing productive results.
So far one flake of graphene with acceptable size (8 µm
× 8 µm) has been produced with 0 degree peeling angle
and manual z direction movement (Figure 4). We will still
need to enhance both methods to see which one has higher
potential to produce as many and large area of graphene as
possible.
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Mechanical
Devices

In the further investigation of the capacity of the
mechanical method to fabricate graphene, the angle
between the two pieces of tapes was taken into
consideration. In the application of the basic method of
producing a block of thin layers of graphite described in
the last section, the angle between tapes was 0 degree. It
was found that samples made in this way contained much
more thick flakes of graphite than those produced with the
manual “Scotch tape” method, which has 180 degrees of
angle between two pieces of tapes. A sample environment
that has more thick flakes usually has a lower possibility of
containing graphene. Also, the “Scotch tape” had already
been tested to be successfully in producing graphene.
Therefore, it was presumed that a larger peeling angle
would be more capable to create thinner layers of graphite.

Figure 4: The graphene flake produced with 0 degree
peeling angle and manual z direction movement.

