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Abstract and Introduction:

The majority of cancer-related deaths do not result from 
the primary tumor, but rather, secondary tumors formed via 
metastasis [1]. During metastasis, a tumor cell migrates to 
distant organs or tissues through narrow gaps that are smaller 
than the size of the cell, such as pores in dense extracellular 
matrix networks. The characteristic mechanical properties of 
tumor cells that facilitate their movement through these paths 
are not well understood [2]. In addition, conventional methods 
of studying cell mechanics, such as micropipette aspiration, 
require specialized equipment and training [3]. On the other 
hand, microfluidics is an accessible alternative that is capable 
of simulating the in vivo environment of a metastasizing tumor 
cell [1].

To effectively explore the role of tumor cell mechanics during 
metastasis, a multilayer polydimethylsiloxane (PDMS) 
microfluidic device was designed and fabricated using soft 
lithography to contain narrow paths that mimic the small 

Figure 1: Design of device. (a) The first component. (b) The 
valve component positioned above flow channels. (c) All 
components. (d) Microgap array.

gaps through which tumor cells metastasize. Specifically, the 
device consisted of multiple arrays of microgaps where tumor 
cell behavior was observed under a microscope. Furthermore, 
a valve feature was incorporated in the design in order to 
direct the flow through one channel at a time [4]. Using human 
breast cancer cell line MDA-MB-231, initial experiments 
demonstrated that our simple device is capable of conducting 
intricate tumor cell experiments with the purpose of developing 
a more complex model of the tumor cell.

Methods:

The device was designed to have three components, as shown 
in Figure 1. The first component contained the inlet and flow 
channels. The second component functioned as a valve to 
open or shut particular flow channels. This valve component 
consisted of multiple air chambers and control channels that 
were positioned above and perpendicular to the flow channels. 
The third component contained the outlet and arrays of 
microgaps of widths varying from 5 to 10 µm. In addition, only 
one microgap array could be observed under a microscope. 
Therefore, the valve component served to direct the flow of 
tumor cells through one microgap array at a time. Eventually, 
a microgap array became clogged with cells, and the valve 
component was used to switch the flow to a different microgap 
array, allowing multiple experiments to be performed on the 
same device.

In order to fabricate the device, a silicon wafer was first 
patterned with the outlet and microgap arrays using SU-8 
photoresist. Next, AZ 4620 photoresist was used to pattern the 
inlet and flow channels, and the wafer was baked to produce 
flow channels with a rounded profile. Another silicon wafer 
was patterned with the valve component using SU-8. Finally, 
PDMS was molded over each wafer, and the two molds were 
bonded to each other and to a glass slide.
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Results and Conclusions:

The valve component was successful in enabling and 
preventing flow through flow channels. Figure 2 illustrates 
the valve mechanism. When external air pressure was applied 
in air chambers, the control channels were triggered to push 
down and compress the flow channels below. Using a specific 
combination of air chambers permitted flow only through the 
desired flow channel.

MDA-MB-231 cells were cultured and then suspended in 
phosphate buffered saline (PBS). A syringe pump was used 
to inject the cells in suspension into the inlet at a flow rate 
of 1 mL per hour. Using our device, we observed tumor cell 
behavior at arrays of microgaps, which simulate the narrow 
gaps that tumor cells squeeze through during metastasis. 

We observed that the extent of tumor cell deformation and 
success in passage through a microgap array depended on 
microgap width. In Figure 3, a tumor cell advanced through 
the first microgap with a width of 5.0 µm, but was trapped 
by a slightly narrower microgap with a width of 4.8 µm 
despite extreme deformation of the cell. Another tumor cell, 
in Figure 4, immediately advanced through the first microgap 
with a width of 6.1 µm, but took 26 seconds to pass through 
the next microgap with a width of 5.6 µm. These preliminary 
experiments indicate that our device can be used to conduct 
experiments to examine relationships between different 
factors, such as cell line and flowrate, and tumor cell behavior. 
In addition, different versions of the device could be designed 
to have altered microgap shapes and lengths. By using 
this device to gather data on tumor cell mechanics during 
metastasis, we can eventually develop a more complex model 
of the metastasizing tumor cell.
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Figure 3: (a) (b) (c) A tumor cell passed through the first microgap  
(5.0 µm) in 18 seconds. (d) (e) (f) The same tumor cell was unable to 
pass through a second microgap (4.8 µm).

Figure 2: Valve channels (vertical) and a flow channel (horizontal). (a) 
Before air pressure is applied through the air chambers of the valve 
channels. (b) After air pressure is applied.
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passed through a second microgap (5.6 µm) in 26 seconds.
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Abstract and Introduction:

Current endoscopic imaging, while sufficient for detecting 
gastrointestinal polyps, is unable to see below the tissue 
surface where cancer can begin [1]. Unlike conventional 
white light endoscopy, which is limited to horizontal (XY) 
planar imaging, more advanced endoscopy tools such as dual-
axes confocal endomicroscopes can perform rapid optical 
sectioning and permit vertical (XZ) cross-sectional images of 
the tissue by using z-displacement scanning microactuators. 
Consequently, how far these endomicroscopes can see into the 
tissue is limited by how much z-displacement actuation can be 
achieved in small diameter (3-5 mm) endoscopes [2].

In this work, we successfully fabricated electromagnetic 
z-displacement microactuators using semiconductor micro-
fabrication techniques and by characterizing the electroplating 
parameters of permalloy (20% iron, 80% nickel), a material 
that exhibits strong magnetic properties. A laser Doppler 
vibrometer (LDV) was used to determine the microactuator’s 
z-displacement at different resonant frequencies. 

Second generation microactuators were then designed and 
fabricated with the objective to exhibit greater z-displacement 
by using silicon dioxide (SiO2) as the material for the bend-
ing beams in the microactuators. The testing results of the 
first generation devices demonstrate that electromagnetic 
microactuators could prove an attractive alternative to current 
piezoelectric, electrostatic, and thermal microactuators, which 
are complicated to assemble due to electrical connection 
requirements.

Fabrication Process:

First Generation: Seed layers—50Å of chrome (Cr) and 
500Å of copper (Cu), respectively—were deposited onto a 
silicon (Si) wafer using electron beam evaporation. AZ-9260 
photoresist was then spin-coated and patterned onto the wafer, 
and then inserted into a nickel-iron electroplating bath.

Our main goal was to electroplate a thin film (8-10 µm) 
permalloy with low residual stress since any deformation 
in the actuators will interfere with its performance. After 
characterization, we employed a pulse-reverse plating program 
with an anodic (forward) current density of 20 mA/cm2 for  
20 milliseconds (ms), a cathodic (reverse) current density of 

Figure 1: Electroplating set-up and program.

-8 mA/cm2 for 2 ms, and an off time of 10 ms (see Figure 1) 
[3]. After 120 minutes of electroplating, 8 µm of low residual 
stress permalloy was deposited onto the actuators. Energy 
dispersive x-ray spectroscopy analysis revealed the permalloy 
was 88.25% nickel, 11.75% iron, and magnetic. After etching 
the seed layers, the wafer was processed with xenon difluoride 
to isotropically etch the Si and release the devices (Figure 2a).

Second Generation: To fabricate actuators with only SiO2 
as the legs, three masks were designed in AutoCAD to allow 
for backside etching and selective electroplating. Similar to 
the first generation devices, 50Å of Cr and 500Å of Cu seed 

Figure 2: (a) SEM image of device. (b) Fully released 2nd generation 
device, process flows (below).
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layers, respectively, were deposited onto a 2 µm SiO2-coated 
wafer via electron-beam evaporation. AZ-9260 photoresist 
was then spin-coated and patterned onto the wafer which was 
placed into the electroplating bath.

Due to a small conductive area—less than 20% total wafer 
area—copper sulfate initially formed instead of permalloy 
because of the low applied forward current (0.21A). We 
discovered that increasing the plating program’s forward 
current, which is typically determined by multiplying the 
current density by the conductive plating area, yielded 
magnetic permalloy. After increasing the forward current 
such that the effective area was more than 80% of the total 
wafer area, we were able to electroplate 6.95 µm of magnetic 
permalloy after 20 minutes. AZ-9260 photoresist was spin-
coated and patterned using the second mask; this layer also 
protected the permalloy structures during etching. Next, the 
seed layers were etched, and the oxide layer on the front side 
of the wafer was patterned using reactive ion etching. Finally, 
backside lithography, reactive ion etching, and deep reactive 
ion etching were completed to fully release the microactuators 
(see Figure 2b).

Dynamic Testing Results:

A custom made electromagnet—ferrite core wrapped with 
magnet wire—was placed under an actuator normal to the 
magnetic field generated by running current through the 
coil. 16 V AC peak-to-peak with 8 V offset was applied 
to the electromagnet such that the microactuators would 
generate only positive z-displacement. The effective magnetic 
field measured was 270 Gauss. LDV was used to measure 
z-displacements achieved during the frequency sweeps and to 
locate resonant frequencies. For testing, the LDV was focused 
on two parts of the actuator: the stage center and the right end 
of the stage. A MATLAB code was written to process the data 
as seen in Figure 3 (center of stage curve). Two resonant peaks 
at approximately 340 Hz (300 µm) and 680 Hz (476 µm) were 
observed. Figure 4 shows a microactuator responding to a high 
magnetic field gradient.

Conclusion and Future Work:

We determined a pulse reverse plating program that yielded 
thin film permalloy and discovered that the forward pulse has 
the most influence on plating. First generation prototype testing 
results indicate that large (more than 200 µm) z-displacement 
was achieved at resonant frequencies. Although the current 
electromagnet is too large to be placed in an endoscope, this 
work demonstrates the exciting potential of electromagnetic 
actuators in endomicroscopy due to its wireless assembly.

Figure 4: (a) First generation prototype tilting. (b) Testing set-up.

Figure 3: Results.

Future testing of second generation devices, further char acter-
ization of permalloy electroplating, and improved design of 
future microactuators must be done to implement electro-
magnetic actuators in a prototype endomicroscope.
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Introduction:

The vestibular system is the system that informs the brain about 
head motion and orientation to keep stabilization of the visual 
axis, head and body posture. Because vestibular disorders are 
common and often cannot be treated by existing approaches, 
vestibular prostheses had been investigated [1]. A vestibular 
prosthesis captures angular and linear head motion using inertial 
sensors. This information is coded as current pulse waveforms 
and applied to vestibular nerves. As a result, the prosthesis 
provides the central vestibular system with information about 
head motion and orientation. For an implantable vestibular 
prosthesis, it is paramount to reduce system power as well 
as size. Especially, gyroscopic sensors, which detect angular 
acceleration, are key components of vestibular prostheses 
systems [2]. Their performance determines the performance of 
the whole system in terms of power consumption.

There are mainly two methods to detect angular acceleration, 
direct measurement and indirect measurement. Recently, 
gyroscopes that utilize the indirect measurement method 
are widely used for motion detection because of their high 
sensitivity. Current gyros are based on the Coriolis effect, which 
requires a vibratory structure in order to achieve the required 
sensitivity. Due to input vibratory signal, however, they 
consume high power. On the other hand, power consumption 
of angular accelerometers, which use the direct measurement 
method, is lower than gyroscopes, because they have a passive 
sensor that does not require vibratory input signal.

This summer, we focused on developing a tri-axial angular 
accelerometer for vestibular prostheses to take advantage of 

Table 1: Specification requirements of angular accelerometer for 
vestibular prostheses.

the low power consumption of angular acceleration sensors 
in order to reduce battery size and extend battery life of the 
prosthesis device.

Table 1 summarizes the requirements angular accelerometers 
have to fulfill for the application of a vestibular prosthesis. 
The maximum detectable signal is required to be larger than 
1000 r/s2. This is the maximum value evaluated by 700 test 
samples in daily activities [3]. The minimum detectable signal 
is required to be smaller than 1.75 × 10-2 r/s2, which is the same 
value of resolution of human vestibular systems evaluated by 
the deviation of the eye caused by vestibule-ocular reflex [4]. 
Finally, the bandwidth is required to be approximately 20 Hz.

Device Design:

To detect three axis angular acceleration, we proposed two 
types of devices, showed in Figure 1(a). Both of these sensors 
are capacitive sensors designed on a silicon-on-insulator (SOI) 
substrate. The Z axis sensor, called a yaw angular accelerometer, 
has one proof mass suspended to the anchor that is placed at 

Figure 1: Schematic diagram of (a) angular accelerometers 
and (b) detection principle of differential design.
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the center of the device by four beams. X and Y axis sensors, 
called roll and pitch angular accelerometers, have two proof 
masses that are connected to dual anchors by a torsion beam. 
We employed an in-plane gap of device layer to detect Z axis 
angular acceleration, and vertical gap between device layer 
and handle layer to detect X and Y axis angular acceleration. 
Thanks to utilizing a handle layer as bottom electrodes, these 
devices can be fabricated with one mask process. 

In order to reduce cross axis sensitivities, we employed a 
differential capacitor design as showed in Figure 1(b). These 
devices were designed to generate capacitance change only by 
demanded direction of angular acceleration. In Figure 1(b), 
when demanded angular acceleration is applied to the device, 
capacitance change, detected by the differential circuit, will be 
generated. On the other hand, when other direction acceleration 
is applied to the device, for example linear acceleration, 
differential capacitance change will not be generated. As a 
result, cross axis sensitivities decrease.

Simulation Procedure:

At first, we designed each device within 1 mm × 1 mm size 
and optimized to achieve high sensitivity. Although large proof 
mass and narrow beams are preferred to get high sensitivity, 
there was a concern about stiction, which happens during 
fabrication process. To avoid this problem, we defined the 
device layer thickness as 40 µm and the gap distance between 
electrodes as 2 µm. Also we employed a beam width of 5 µm 
—the minimum value at which we could fabricate a 40 µm 
thick device layer with width:height = 1:10 aspect ratio. Then, 
we swept each device size and compared device specifications, 
such as sensitivity and maximum detectable signal.

Results and Conclusions:

Figure 2 shows the simulation results of the linear operation 
limit and sensitivity versus device size for the Z axis sensor, 
and the X and Y axis sensor. In Figure 2(a), fulfilling the 

requirement of the maximum detectable signal (> 1000 r/s2), 
demanded that the device diameter of the Z axis sensor be 
smaller than 2.6 mm. In Figure 2(c), fulfilling the requirement 
of sensitivity calculated from the minimum detectable signal 
requirement, demanded that the device diameter be larger than 
2.1 mm. In the same procedure, we concluded that the X and 
Y axis sensor’s side length must be larger than 1.7 mm and 
smaller than 1.9 mm to fulfill both requirements. Finally, we 
defined the device diameter of the Z axis sensor as 2.1 mm and 
the device side length of X and Y axis sensor as 1.7 mm, which 
are the minimum values to fulfill both requirements.

Table 2 shows detailed device specifications calculated by a 
COMSOL simulation. These specifications fulfilled require-
ments for the application of vestibular prosthesis.
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Figure 2: Simulation results of Z axis sensor’s (a) maximum detect-
able signal and (c) sensitivity versus device diameter, X and Y axis 
sensor’s (b) maximum detectable signal and (d) sensitivity versus 
device size.


