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Abstract

The Retinal Prosthesis project is a three year project conducted in part at the Lawrence Livermore
National Laboratory and funded by the Department of Energy to create an epiretinal
microelectrode array for stimulating retinal cells. The implant must be flexible to conform to the
retina, robust to sustain handling during fabrication and implantation, and biocompatible to
withstand physiological conditions within the eye. Using poly(dimethyl siloxane) (PDMS),
LLNL aims to use microfabrication techniques to increase the number of electrodes and integrate
electronics.

After the initial designs were fabricated and tested in acute implantation, it became obvious that
there was a need to characterize and understand the mechanical and electrical properties of these
new structures. This knowledge would be imperative in gaining credibility for polymer
microfabrication and optimizing the designs. Thin composite microfabricated devices are
challenging to characterize because they are difficult to handle, and exhibit non-linear,
viscoelastic, and anisotropic properties.

The objective of this research is to device experiments and protocols, develop an analytical model
to represent the composite behavior, design and fabricate test structures, and conduct
experimental testing to determine the mechanical and electrical properties of PDMS-metal
composites.

Previous uniaxial stretch tests show an average of 7% strain before failure on resistive heaters of
similar dimensions deposited on PDMS. Lack of background information and questionable
human accuracy demands a more sophisticated and thorough testing method.

An Instron tensile testing machine was set up to interface with a digital multiplexor and computer
interface to simultaneously record and graph position, load, and resistance across devices. With a
compliant load cell for testing polymers and electrical interconnect grips designed and fabricated
to interface the sample to the electronics, real-time resistance measurements were taken. Wafers
of test structures were fabricated with variables such as lead width, pad to lead interface shape,
PDMS thickness, metal (Ti and Au) thickness, and lead shape. Results showed that the
serpentine shaped leads were 70% more effective, and that thicker adhesion layers of Ti were too
brittle for testing. The other variables did not produce significant results.

Thesis Supervisor: Rohan Abeyaratne
Title: Department Head, Professor of Mechanical Engineering
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1.0 Introduction

1.1 Retinal Prosthesis Project Background

The Retinal Prosthesis Project is a three year project funded by the Department of Energy
involving National Laboratories, Universities, and one commercial company. In
particular, Oak Ridge National Laboratory and physicians from the University of
Southern California led by Dr. Mark Humayan have been leading the efforts in
developing this new technology to bring artificial vision to patients with damaged retinal

cells.

An eye is a complex organ, made up of many parts that must function together to transmit
a visual image. Light is received first by the cornea and transmitted through the aqueous
humor, the lens, and the vitreous humor before reaching the retina where light is sensed.
(Figure 1) There are two types of cells in the retina: rods, which determine vision in low
light, and cones, which discern color and detail. When contacted by light, these cells
create the photosensitive chemical “activated rhodopsin™, which creates electrical
impulses in the optic nerve. These nerve fibers reach to the back of the brain, where the

image is interpreted.

The proposed concept of the Retinal Prosthesis project is to create a microelectrode array
that would be implanted into the back of the eye. This epiretinal device (placed directly

on the retina) would have electrodes that would stimulate the remaining live retinal cells.



Figure 1: Diagram of human eye (Bianco )

The concept of the project is to have a video camera in front of the eye, mounted to be
worn like traditional eyeglasses. The camera would capture and transmit an image back
to the retina, where it is received by the implanted device. (Figure 2) A retina is
composed of ganglion cells and photoreceptors, which contain the rod and cone cells. In
a healthy retina, images are transmitted through the ganglion cells to the photoreceptors —
but patients with retinal damage have areas of photoreceptors where the rods and cones
are destroyed by disease and therefore the complete image is not accurately transmitted.
However, the neural cells that synapse to these photoreceptors remain intact, and visual
perception can be obtained from electrically stimulating these cells. [Liu; Wentai;

Humayun, 2000 #11]
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Figure 2: Concept of epiretinal implant’s function in replacing the missing electro-chemical signals
that a healthy retina would transmit.

The proposed device’s electrodes would substitute for the missing electrical signals of
activated rhodopsin via thin film conducting traces and electroplated electrodes, and the
brain would decode the signals into the original captured image. The objective of the
research conducted at the Lawrence Livermore National Laboratory is to design and
fabricate the microelectrode array for stimulating these damaged retinal cells. The team
aims to use microfabrication techniques to increase the number of electrodes and
integrate electronics. The device must be flexible to conform to the natural contours of
the retina, and also robust to sustain handling during fabrication and implantation. Other
functional requirements of the device include biocompatibility to withstand the

physiological conditions of the eye, and the ability to interface with electronics.
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1.2 Previous work in Retinal Prosthesis

In the retina, the most concentrated collection of photosensitive cells are found in the
center zone called the macula. Macular degeneration is the name of the group of diseases
that cause the rods and cones in the macular zone to malfunction or lose function,
resulting in debilitating loss of vision. Retinitis Pigmentosa is another genetic disorder in
the eye that affects one’s night and peripheral vision. The Usher Syndrome is a disorder
similar to Retinitis Pigmentosa, but affects hearing as well. These are a few examples of
diseases that leave millions of people partially or totally blind due to loss of
photoreceptor function in the retina. [Liu; Wentai; Vichienchom, October 2000 #10]
The concept of electrically stimulating the neural cells to restore vision has resulted in
efforts worldwide to restore vision to patients through a retinal prosthesis device. [Liu;
Wentai; Humayun, 2000 #11; Liu; Wentai; Vichienchom, October 2000 #10; Hung,

2002 #12; Meyer, 2001 #13]

In the various research attempts to bring artificial vision to the blind, two possible
approaches are taken: subretinal and epiretinal. Unlike the previously mentioned
concept of epiretinal prosthesis, subretinal prosthesis aims to implant a device directly
into the photoreceptor region of the retina, inserted via an incision in the retina. (Zrenner
2002) Light entering the eye triggers a series of events that lead to stimulation of the
appropriate neural cells by the device, replacing the function of the damaged
photoreceptor cells. A cochlear implant has successfully been developed with an external
sensor and an implanted microelectrode device to stimulate the auditory nerves.

(Rauschecker 2002) Despite the fact that the visual system is significantly more complex
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than the auditory system, the success of this analogous study and modern advancements
in microfabrication, integrated circuit, and wireless technologies give hope towards a

counterpart for the eye.

1.3 Device Fabrication Procedure

Based on these constraints, it was decided to work with the silicone elastomer
poly(dimethyl siloxane) (PDMS), specifically Sylgard 184® manufactured by Dow
Corning. PDMS is an ideal material because it is an elastomeric rubber which can be
fabricated into membranes and also molded into thicker, sturdier pieces. It is designed to
protect against moisture, environmental attack, mechanical and thermal shock as well as
vibration. PDMS exhibits hydrophobic properties and is biocompatible, with only known
adverse effects of indigestion if ingested, according the Material Safety Data Sheet
(MSDS). A PDMS metallization procedure was developed at LLNL and published in
IEEE by Maghribi et. al. outlining the procedures used to fabricate the devices for testing.

(Maghribi 2002)

1.3.1 PDMS Preparation

First, PDMS is mixed with its curing agent in a 10:1 ratio, and the bubbles in the solution
are removed by degassing under a low vacuum environment. Then the PDMS is spun
onto a gold-coated silicon wafer to a desired thickness, at spin rates varying from 1000 to

7000 rpm for spin times ranging from 20 to 90 seconds.
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Figure 3: PDMS thickness as a function of spin rate (rpm).

Gold was used as a seed layer for the electroplating process, and also to facilitate removal
of the PDMS membrane from the Silicon (Si) wafer. This wafer is put in an oven and
cured at 66 degrees Celsius for 1 hour and the thickness measured using a Tencor® P-10
stylus profilometer. Based on these measurements, the membrane thickness was

determined as a function of spin rate. (Figure 3)

1.3.2 PDMS patterning for electroplating

To pattern the PDMS, photoresist (AZ®PLP 100XT, Clariant) is spun onto the gold-
coated wafer and baked at 60°C for 30 minutes. It is then exposed to ultraviolet light
using a high-resolution glass mask (created by Imagesetters, Pleasanton, CA). Upon
development of the pattern (AZ 400K: H,O 1:3 ratio), PDMS is applied at a spin rate
resulting in a membrane thickness less than the height of the photoresist. The PDMS is

kept at room temperature for 15 minutes or until planar, then cured at 60°C. After curing,
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the photoresist features are gently swabbed to remove excess PDMS before stripping the
resist, which ensure the removal of the photoresist and the complete clearance of the
patterned area. Gold or platinum is then electroplated in the PDMS vias to form an array

of electrical stimulators.

1.3.3 PDMS Metallization

Before the photoresist is applied in the metallization procedure, the wafer is placed in an
oxygen plasma to oxidize the surface. This procedure, carried out for 1 minute at an RF
power of 100 Watts with oxygen flowing at 300 sccm, allows the resist to wet the PDMS
surface, eliminating beading and ensuring the formation of a smooth and uniform coat of
photoresist on the surface of the polymer. Then the photoresist (AZ®PLP 100XT,
Clariant) is spun onto the surface of the polymer membrane and baked at 60°C for 30
minutes. The photoresist features were then exposed and developed as in the
electroplating procedure, and placed for a second time in the oxygen plasma to activate
the newly exposed PDMS surface, and promote adhesion of the metal. ~ To create the
leads, a 200 angstrom (A) layer of Titanium (Ti) was deposited as an adhesion layer, then
a 1500 A layer of Gold (Au) was deposited on top of the Ti. The metal adhered to the
PDMS in developed regions in the photoresist and the excess was removed through a lift-
off process by placing the wafer in acetone. The wafer was then prepared for passivation

by rinsing with ethanol and drying gently.
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Figure 4: Preliminary structures: Dimensioned side-view (not drawn to scale). PDMS membrane with
TiAu leads.

The devices used in the initial testing consisted of a 40 micron (um) thick PDMS
membrane with a device width of 4 mm.  Both metal layers created leads 100 um in
width. As a protective variation, a 10 micron passivation layer of PDMS was spun and
bonded onto the device. The purpose of this layer was to protect the leads during
handling, exposing only the electrical contact pads. These dimensions and proportions
were chosen for the initial tests based on the size of the eye, and considerations for the
number of devices that a wafer could yield. The results of this research will show further

effects of optimizing these dimensions and variables.
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Three first generation devices were fabricated then implanted into the eye of a live dog at
the University of Southern California (USC). From these experiments, it was observed
that the PDMS conformed nicely to the form of the retina. However, the devices were
difficult to handle as they folded and curled up onto themselves due to the static and
“tacky” nature of the PDMS. The electrode traces near the edges were also found to be
damaged, likely attributed to having been grabbed and stretched by the surgical tools.
The final observation was that it was difficult to make electrical contact to the pads

patterned onto the device with the probing tools present.

Figure 5: Live animal implant tests of devices at the University of Southern California. Viewed through
a magnifying glass, the device is shown as it is pulled through the eye into place on top of the retina.

From these tests, second generation nine-electrode devices were designed and fabricated.

The major improvement in this design was the presence of a reinforced “ribbed”
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perimeter, which addressed the robustness issues of the first tests. The presence of the
ribs facilitates handling, eliminating curling and folding of the device. It also protects the
traces near the edge by encapsulating them and giving the physicians a clearer view of

the “safe” areas to grab.

Figure 6: 2" generation 9-electrode device with reinforced perimeter. Electrodes on right are
implanted in the eye, and longer pads on left provide surfaces fro electrical connection and probing.

1.4  Understanding the Mechanical Properties

As the project progressed, it became clear that there was an imperative need for an
understanding of the mechanical properties of these devices. Thin composite elastomeric
microfabricated devices are challenging to characterize because they are difficult to
handle, and also because they exhibit non-linear, viscoelastic, anisotropic behavior.
Knowledge of these material properties is essential to establishing credibility for polymer

microfabrication, and also crucial in the optimization of device designs.

The objectives of my research in the Retinal Prosthesis Project is to devise experiments
and protocols, create an analytical model to predict composite behavior, design and
fabricate test structures, conduct experimental testing to determine the mechanical and

electrical properties of PDMS-metal composites.
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2.0 Theory

2.1 Residual Stress

Since the deposition of metal occurs while the PDMS is in its stretched state, the removal
of the devices from the wafer results in a compressive strain, directly correlated to the
tensile strain in the PDMS due to volume contraction upon curing. Even though the
PDMS “shrinks” in the oven as it is cured, it remains stretched on the wafer during the
deposition process, until the membrane is removed. Upon closer examination, visual

evidence of “wrinkling” appears longitudinally along the metal traces. (Figure 7)

Figure 7: Longitudinal “wrinkling” seen in metal traces due to compressive strain. 50 um lead on
PDMS substrate.

Stress in thin films can be measured by measuring the change in curvature of a coated
substrate before and after deposition using a laser beam technique, where a polished
substrate with well defined mechanical properties such as the poisson ratio and elastic
modulus is coated with a diamond-like coating. Two laser beams are then reflected off

the surface of the substrate, and the change in radius of curvature can be calculated from
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measuring the deflection of the beams before and after the coating. With the assumptions
that the substrate is usually between three to fifty times longer than it is wide, the film is
uniformly stressed, and the substrate is unstressed, the residual stress is then calculated

using the Stoney equation (Maissel 1970):

1 Esu strate tzsubsrae 1 1
O ppus :—[ substrat ]( o ] e (1)
6 1 - Vsubstmte tPDMS p f p s

where Egybstrate 18 the Young’s modulus of the substrate, tsbsiate 1S the substrate thickness,
tppms 18 the film thickness, Vgybsirate 1S the Poissons’s ratio of the substrate, and ps and py

are the measured wafer radii at the start of and during the PDMS cure.

A 47 um thick film of PDMS was spun onto a gold-coated silicon substrate, and substrate
curvature was monitored in the PDMS over time as it was cured at 60° C. The data
collected resulted in an average final residual stress of 0.15 MPa in the PDMS film,
corresponding to a residual strain of 10%. Analagous to pre-stressed concrete, this

phenomenon leads to promising possibilities to improving the life of the devices.
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Figure 8: Evolution of residual stress during curing of PDMS at 60° C, calculated using (1) based on
measurements.

2.2 Composite Theory

2.2.1 Metal comparisons

The material used in these experiments were carefully chosen based on characteristics
such as strength, conductivity, and price. The relative elastic modulii of these metals
play a large role in predicting the strength of the overall product. For example, when
comparing Platinum, Titanium, and Gold, the respective modulii are 170 GPa, 106 GPa,
and 78 GPa. The fundamental definitions of stress and strain (Equation 2) indicate that
materials with higher modulii are stiffer, and for a given stress value, experience a lower

strain to failure than materials with lower modulii.

= Ee )

Q
[l
|~
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If the thickness of the metals are varied, the values of the cross-sectional areas change,

which would result in lower strains to failure, since the term is in the denominator.

Stress Pt 170 GPa

Ti 106 GPa

Au 78GPa
O

ailure

s

Strain

Figure 9: Comparison of relative strains to failure for a given stress T, . corresponding to the

Young’s Modulus of Platinum, Titanium, and Gold show that stiffer materials with high modulii will fail

first.

2.2.2 Polymer-metal composite

The fabrication process for the implantable devices yields a composite structure between
the polymer and the metal. This structure can be modeled in different ways depending on
the progression in the tensile testing: examining how the composite behaves as two
springs in parallel prior to the first failure, in series between the broken and unbroken

segments, and a combination of parallel and series as the metal continues to fail.
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Due to the residual stress discussed earlier, the initial layers of Ti and Au exhibit a
“wrinkled” effect, and will experience uniaxial tension as the metal traces are smoothing
out. At this stage labeled as Phase One, the material properties of the PDMS dominate

and the effective stiffness is assumed to be that of the PDMS: 750 kPA.

~— TiAu

Figure 10: Visual representation of Phase One with the metal wrinkled on the PDMS.

Once the metal is pulled taut, the composite can be modeled as two springs in parallel
with equal and opposite load P, and the metal and the polymer are subject to the same

strain.  (Figure 10)

klead
Y 4 Vo Ve N

A

kPDMS

Figure 11: Parallel model of composite in uniaxial tension, which is what the device experiences in
Phase Two.

This stage is called Phase Two, and since the device is pulled in uniaxial tension, the

initial strains the device encounters until the first break occurs are equal. From the
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fundamental definitions of stress and strain (Equation 2), and noting that all strains are
equal and therefore falls out of the equation, a relation for the effective Young’s Modulus

(E) of the composite can be calculated (Equation 3).

_ (E lead Alead +E PDMS APDMS ] (3)
composite

composite

However, this equation assumes that the strain of the PDMS is taken from the beginning
of Phase Two. When examining the relative stresses and strains of the lead and the

PDMS, it should be noted that the PDMS has a small compensation value ¢, in the strain

for the amount it stretched during Phase One where the PDMS experiences stress and
strain, but the metal does not. Therefore, the stress in the PDMS begins at a slightly
higher absolute value than that of the metal. The equivalent equation for the modulus

then becomes:

E A  +E,, A E, .. .A Ex
E i z( lead “Ylead PDMS PDMSJ +[ PDMS A PDMS J(;J (4)

composite composite

where ¢, is the strain experienced by the PDMS in Phase One, and ¢ is the overall strain

experienced by the composite in Phase Two.

In Phase Two of tension testing, both the Young’s modulus and the cross-sectional area

of each material affect the resultant modulus of the composite. Although the modulus of
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the PDMS (750 kPa) is approximately five orders of magnitude less than those of Ti (106

GPa), and Au (78 GPa) (Ashby 1996), the respective cross-sectional areas of the polymer

(1.6><10‘7m2) is four orders of magnitude greater than the effective A of the metals

(1.7 X 10*“m2). Therefore, the quantity of EA for each material cannot be discounted in

evaluating the effective modulus while in the parallel state.

— ews ]

Figure 12: Visual representation of Phase Two with the metal pulled taut in parallel with the PDMS.

As the leads on the devices begin to fail, segments of the structure exhibit properties

closer to a combination of springs in series and in parallel. (Figure 12)

P klead kPDMS P

— _

NN\
kppms

Figure 13: Series model of composite in tension

The effective modulus for this phase cannot isolate the effects of the individual materials

as easily as the model in parallel. Simplifying the equations by examining the composite
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structure without the factor of ¢., the effective modulus for two materials modeled as

springs in series (Jones 1998) is:

E _ E lead E PDMS Acomposite 5
composite E A E A ( )
lead “~PDMS + PDMS ““lead

With each successive failure, the structure enters Phase Three, where it reduces to
segments where the metal and polymer are still in parallel, but also in series with smaller

segments of PDMS in the segments between the breaks. (Figure 13)

T ——

Figure 14: Visual representation of Phase Three when failures occur.

The three phases are represented graphically in Figure 14, with exaggerations to each

section to demonstrate the effects of each phase.

In Phase One, the curve should represent that of PDMS, which begins linearly then
begins to exhibits exponential behavior. In Phase Two, the modulus of the metal
dominates in the linear section, until the metal reaches failure and the stress is
temporarily relieved. This drop is small, but occurs until the PDMS segment is fully
stretched, and the material undergoes a similar process until the next break, and continues

until the PDMS itself fails, which occurs at approximately 140% strain.
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Figure 15: Graphical representation of three phases in device failure.

It is predicted that the graphical segments to each break will be repeatable with similar
behavior until the stress relief occurs at failure, with the exception of the fact that the

absolute value of the stress relief will decrease with each successive break.

2.3 Sinusoidal stretch model
In the case of curved metallic lead shapes, the stress and strain experienced can be
modeled in two modes. Initially, the curves act as springs and the device stretches, then

the leads break at the stress concentrations and failure occurs.
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Figure 16: Curved bar segment with radius of curvature R pulled in tension by equal and opposite
forces P.

Unlike a straight bar pulled in tension (Figure 17), the curved bar is predicted to have the

capability to pull to a larger strain before failure because of this spring-like tendency.

Figure 17: Straight bar pulled in tension by equal and opposite forces P.

Defining the terms o, as the critical stress at which a bar fails and &, as the overall

crit overall

stress in the bar at failure, it is clear that for a straight bar of uniform cross-section:

o_crit = o_ovemll (6)
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since each segment of the bar experiences uniform stress. Conversely, a curved bar
experiences a stress distribution and stress concentrations that vary along the bar as a
function of the curve, h(x). (Equation 13) Due to the “spring” effect caused by the
curve, the overall stress will be larger than the critical stress in the curved bar:

(o) >0

crit _curved (7)

overall _curved

The critical stress in a straight and curved bar composed of the same material properties

and equal cross-sectional areas should be equal:

O-crit _ Straight = o-crit _curved (8)

Combining Equations 5, 6, and 7 gives the relation between of overall stresses in the

straight and curved beams:

> Uoverall _ Straight (9)

quemll _curved

Since the material is the same, the modulii of the straight and curved beams are also
equal. Substituting equal values of E into Equation 2 gives the prediction that the strain
to failure of the curved beam will be greater than that of the straight beam:

goverall _curved > govera117 straight ( 1 O)
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The stress in a curved bar is represented as:

(1)

Ucurvedﬁbur = m

where r is an arbitrary point on the curve, and M is the moment at this point, A is the
cross-sectional area, R is the radius of curvature, and 7 is the distance from the center to

the centroid. (Hibbeler 2000)

R is defined as a function of A and r:

R=—21 (12)

M is defined as a function of A(x), which is defined as the sine function, dependent on

the characteristic length L, and the distance x along the axis of the curved bar.

h(x)=h,__ sin[Lﬂj (13)

The stress distribution in a curved bar shows that the maximum value of h(x) occurs in

the center of the bar, where it is most likely to fail. (Figure 18)
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X

Figure 18: Stress distribution of curved bar indicates that maximum stress concentration occurs at
the center. Assuming a uniform cross-sectional area, each segment of a straight beam is subject to

the same force and stress upon tensile loading. Therefore, the critical stress O, at which failure

occurs is the same as the overall stress O in the beam. In the case of the curved beam, however, the
stress distribution causes a discrepancy, and the model predicts that the overall stress will be greater

than the critical stress, which occurs at h_, _, and therefore a curved sinusoidal design for the metal

leads mav imnrove the overall strain to failure of the devices.
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3.0 Mechanical Testing Design

3.1 Previous Mechanical Testing

To gain an understanding of the strain to failure properties of metalized PDMS, manual
stretch tests were conducted with resistive heater devices. A micrometer was used to
monitor the axial elongation of the samples, which were stretched in constant increments.
The pads were then probed with an ohm-meter to check for a break in the circuit, which

corresponded to failure.

Ohm-meter,

‘_

Figure 19: Schematic of manual stretch tests.

The results from these tests showed an average strain to failure of 7%, yet the accuracy
remained questionable. The sample was pulled by rotating the handle connected to a
spring, which had not been calibrated. Since the metal layers were so thin, the constant
probing from the ohm-meter could have resulted in breaks in the pads themselves, instead

of indicating failure in the devices. The lack of background information on such material
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properties, and the ubiquitous presence of human error indicated a need for a constant,

real-time measuring procedure, with mechanical and electrical monitoring capabilities.

3.2 Mechanical Testing Solution

An Instron tensile-tester (model #4201) with real-time visualization and monitoring of
trace conductivity was procured and set up for continuous testing. The Instron was set up
in conjuction with a digital multi-plexor (Agilent 34970A Data Acquisition/Switch Unit)
that was programmed to collect and convert voltage data collected into measurements
corresponding to position, load, and resistance. This data was then transmitted and

represented graphically on a computer, using Agilent BenchLink Data Logger.

3.2.1 Testing System Design

Once the system was set up, several obstacles surfaced that indicated a need for redesign
and modifications. The first occurred in obtaining the mechanical measurements of
position and load, which was addressed by designing a new upper grip to address weight
issues. The second occurred in the continuous monitoring the electrical resistance, which

was addressed in a design of inserts to be inserted into the lower grip of the Instron.

3.2.1.1 Upper Grip Design — Mechanical

Since the metal traces were inclined to fail at such low strains, the experimental setup had
to be modified to allow for these measurements. A compliant 10 pound compressive load
cell for testing polymers was obtained and set up to replace the standard 100 pound

tensile load cell used in the Instron. Although the load cell was made for compression
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tests, it was found that it should be able to record data output in tension for the low forces
of these experiments (0.01 Newtons). However, once the load cell was replaced, it was
observed that the load was still unable to be measured. Upon closer inspection, this
occurrence was attributed to the heavy pneumatic grips in the Instron. Since the bottom
grip remained stationary, the problem could be solved by modifying the upper grip

design.

The functional requirements of this design were that it had to be lightweight, and also
easily removable to facilitate frequent testing. These requirements were fulfilled by
choosing a light plastic material, and modeling the design after the inserted portion of the
original pneumatic grip to interface with the Instron. The new design consisted of two
pieces — a cylindrical piece that interfaced to the moving upper mechanism of the Instron,

and a rectangular clamping piece to secure the sample into place with screws.

Figure 20: Upper grip redesign of the Instron.
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3.2.1.2 Lower Grip Design — Electrical

In order to monitor continuous electrical resistance, it was necessary to create an insert to
the lower grip. The grips of the Instron were far too rough to be able to handle the
devices directly, and the air emitted from the pneumatic mechanism and the movement of
the grips towards each other caused the sample to fly out of the desired position upon
closure. The main functional requirements of this insert were to conform to a uniform
thickness, protect the sample from the pneumatic grips, and to conduct for electrical

resistance measurements.

These requirements were met with gold-coated glass pieces with strips masked off in the
coating process to prevent shortage. The small piece was a one inch square piece of glass
with a 120 nm strip masked away in the center, and the large piece was a standard glass

slide (1 x 3”) with a larger section stripped away.

Female pins

Figure 21: Lower grip insert pieces.

34



Gold-coated male-female plug-in pins were procured, and the female halves were
attached to the large glass insert piece via silver epoxy to maintain conductivity. The
male counterparts were soldered onto the ends of wires leading to the digital multiplexor.
The design concept was to lay the sample face-down on the small piece so that the
stripped away section without gold ran in-between the two metal lines that were looped
together. This setup ensures that the current runs from one gold-coated half of the glass
piece, through the looped device, to the other gold-coated half. The large glass piece is
then placed face-down on this sub-assembly, and current is then allowed to flow from
one connector through one gold-coated half of the large piece, then is transmitted through
the sub-assembly which includes the sample, through the other gold-coated half of the
large piece, and out of the second connector. Once the male pins are plugged in to either
connector, the circuit is complete and the resistance can be measured and recorded by the

multi-plexor.

Preliminary tests with these connector pieces did not yield electrical resistance
measurements. Upon closer investigation, the failure was attributed to the thickness of
the sample. Although 40 um is a thin membrane, it could not be discounted as trivial, as
it provided just enough of a gap in between the two glass pieces to prevent contact. The
solution to this hitch was found in Indium foil, which is extremely soft and conformable
to any surface. Two strips of foil were cut and placed on the gold-coated halves of the
small square glass piece. These strips compressed slightly to give the necessary closure

in the gap while maintaining conductivity.
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Indium foil lining

Figure 22: Square glass piece with Indium foil lining and device in place.

Once a sample was “sandwiched” into place, the entire assembly was inserted into the
lower grips of the Instron, and the grips were closed so that the assembly was in line and
flush with the pneumatic grips. Then the male connector pins were plugged in, and the

device was ready to be tested.

Figure 23: Lower grip of Instron with assembly gripped and pins plugged in.
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Although this procedure required two people to run each test, it was fairly reliable and
consistent to giving resistance measurements for devices that matched those of an

external ohm-meter.

Figure 24: Experimental setup, sample ready to be pulled.
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3.3 Lead Design

Once the experimental setup was determined, possible variables in design and fabrication
were examined for testing. As the fabrication time required for each wafer was
approximately 3 hours, and the number of devices that could fit on each wafer was
constrained by the size of the wafer, the number and combination of variables were
carefully scrutinized. This selection process resulted in the choice of the following

variables as the most crucial:

e Lead width (50 pm, 100 pum, 200 pm) — design variable
e Pad to lead interface (straight, bubbled transition) — design variable
e PDMS thickness (40 pm, 70 um) — fabrication variable
e Metal thickness — fabrication variables
> Ti thickness (50, 500 A)
> Au thickness (1000, 2000, 3000 A)

e Lead shape (straight, sinusoidal curve) — design variable

Design variables are those variables that would be accounted for in the wafer layout
design. One mask was made and reused for each wafer produced. (ImageSetters,
Pleasanton CA). Fabrication variables are those variables that would be accounted for in
the fabrication procedures. The mask was designed to fit 22 rectangular test samples
with dimensions of 4mm x 40mm on each wafer, and a plan was devised to fabricate 12

wafers which would account for all of the fabrication variable combinations. (Figure 25)
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PDMS Ti Au
Wafer # (microns) | (angstroms) | (angstroms)

1 40 50 1000
2 40 50 2000
3 40 50 3000
4 40 500 1000
5 40 500 2000
6 40 500 3000
7 70 50 1000
8 70 50 2000
9 70 50 3000
10 70 500 1000
11 70 500 2000
12 70 500 3000

Figure 25: Wafer fabrication plan.

The deposition rate was kept constant at 2 angstroms/second. A single loop design was
chosen to keep the electrical resistance measurement apparatus simple and isolated on the

bottom grip of the Instron.

Figure 26: Sample with straight pad-to-lead interface, 200 um lead width, 40 um PDMS thickness, 5 nm
Ti thickness, 10 nm Au thickness.
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4.0 Experimental Testing Results

4.1 Calibration and setup

The Instron was first calibrated to the multiplexor and computer to ensure that the load
and resistance readouts were correct and consistent. Since the Instron gave output data in
volts, conversions were necessary to extrapolate the values of load, stress, strain,
modulus, and resistance in the samples during testing. Given the low forces (0.01
Newtons) predicted to failure, the sensitivity of the machine was adjusted to 5% mode,
and the sampling rate of the multiplexor was increased to 10 measurements per second.
Several pull rates were tested, at 10 mm/min, 5 mm/min, and 1 mm/min, and the lowest

rate of 1 mm/min was selected to increase accuracy.

Initial tests were performed with pieces of non-metallized PDMS membranes to examine
the behavior of the polymer. These pull tests indicated very large strains to failure
ranging from 90% to 200%, averaging close to the listed strain to failure of 140% from
Dow Corning. The variations in strains to failure can be attributed to the width, height,
and length of the specimen. The samples that exhibited unusually high levels of strain to
failure (above 180%) produced stress vs. strain curves with a sudden stress drop, which
could be attributed to the sample having slipped in the grip at high strains. The general
shape of the stress-strain curves were consistent with each other, with an initial linear

region which gradually turned into an exponential function before failure. (Figure 27)
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Figure 27: Preliminary tests of plain PDMS indicates failure at 90% strain.

4.2 Metallized and non-metallized PDMS

Based on the calculations of effective modulus (Equations 3, 4, 5), it was predicted that
metallized PDMS would be less compliant than plain PDMS. Samples of metallized
PDMS (50 angstroms Ti, 1000 angstroms Au) were pulled in comparison to samples of
non-metallized PDMS from the same wafer, and the stress vs. strain curves were
extracted and compared. (Figure 28) These experiments gave consistent results amongst
the metallized samples, whose curves all resembled the same shape, as well as having
similar strains to failure. In comparison, the plain PDMS piece begins with a linear
region with a significantly lower slope corresponding to modulus, and then proceeds to

fail close to 200%. However, a huge stress relief is seen around 160%, where it is
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believed that the specimen slipped from the upper grip slightly. This occurrence resulted

in an increase in length of the sample, which prolonged the life of the device.

50 Ti 1000 Au vs. PDMS

—Ti50 5As_3

—Ti50 5As_2
Ti50 5As_1

~——PDMS

stress

strain

Figure 28: Comparison of metallized (50 angstroms Ti, 1000 angstroms Au) and non-metallized PDMS.

4.3 Adhesion Layer Thickness

Upon testing, it was found that nearly all of the test pieces fabricated with 500 angstroms
of Ti had already failed prior to mechanical testing. Upon closer inspection under a
scanning electron microscope (SEM), observations were made that even before the
devices were removed from the wafer, severe cracking was occurring and the Ti was too

brittle. (Figure 29)
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Figure 29: SEM photographs of 500 angstroms Ti adhesion layer cracking.

Therefore, all of the data taken reflects only those samples which were fabricated using

50 angstroms of Ti.

4.4 Lead Width and Shape

After testing 200 samples, the Instron tests gave average strains to failure of 2.4% for the
100 um leads, 2.3% for the 200 pum leads, and 4.2% for the 100 um serpentine (curved)
leads. (Figure 30) Based on these results, it appears that there is no overall benefit to
increasing or decreasing the lead width dimension. The variables of pad-to-lead
interface, PDMS thickness, and gold thickness also did not produce significant results,
and therefore these variables were combined to produce more data points to compare

other variables tested.
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Average Standard Deviation

4.2% 2.0

| 2.4%, 0.9
]

2.3% 1.4

Figure 30: Table of average strains to failure and respective standard deviations for the 100 um
serpentine, 100 um straight, and 200 um straight leads. The variables of pad-to-lead interface, PDMS
thickness, and gold thickness did not produce significant results, and therefore these variables were
combined to produce more data points to compare other variables tested.

However, it was observed that the resistance measured before failure was approximately
twice as large for the 100 pm lead when juxtaposed to that of the 200 um leads. (Figure
31). For this particular comparison, the 200 pm straight leads failed at 2.24%, the 100
um straight leads at 2.82%, and the 100 um serpentine leads at 3.9%. Although the
variables of lead width and shape and adhesion layer thickness could be isolated and
observed, the variables of Ti thickness, Au thickness, and pad-to-lead interface shape did

not result in any conclusatory results.
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50A Ti, 2000A Au, 40um PDMS
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1.80E+02 -
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1.00E+02

8.00E+01 -
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4.00E+01 —— 100 um straight ]

2.00E+01 200 um straight —

0.00E+00
0.00E+00 5.00E-03 1.00E-02 1.50E-02 2.00E-02 2.50E-02 3.00E-02 3.50E-02 4.00E-02 4.50E-02

strain

Figure 31: Comparison of resistance failures between 100 um straight, 200 um straight, and 100 um
serpentine leads designs from wafer #2 (40 um PDMS, 50 angstroms Ti, 2000 angstroms Au)

Compared to the initial manual stretch test data, though, the Instron data resulted in much
lower strains to failure overall. Manual stretch tests were re-conducted with the current
masked designs, to compare the discrepancy between the initial stretch test data and the
Instron data. Three new wafers were fabricated with 50 A of Ti as the adhesion layer,
and 1000, 2000, and 3000 A of gold, respectively. The experiments resulted in higher
strains to failure, closer to the results found from the original manual stretch tests. The
100 pm straight leads failed at an average of 5.1%, the 200 pm straight leads at 6.0%, and
the 100 um serpentine leads at 8.9%. Although the absolute strain to failure values were

much larger, the relative failure values were consistent between the two tests.
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Figure 32: Sample of sinusoidal patterned lead with bubbled pad to lead interface.

4.5 Regaining Conductivity

During the initial manual stretch tests, it was observed that after the leads failed, if the
stress was relieved and the material was allowed to relax, conductivity could be regained.
This occurrence was consistently repeatable with the Instron as well, and is attributed to
the extremely elastic nature of the PDMS and how it does not tend to permanently
deform. As the polymer relaxes, the broken leads are brought back together to touch and
give an electrical readout. A few simple tests were conducted, pulling the specimens to
failure, jogging the machine back down until the device returned to slack, pulling to 20%

strain, returning to slack, pulling to 40% and so forth until the device itself failed. The
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resistance

resistances observed prior to failure for each of the incremental increases in strains to
failure showed a steady increase of a few ohms for each increase, and each curve was

similar in shape and strain to failure. (Figure 33)

4.15E+02

—e— Resistance1

4.10E+02 | —=— Resistance2
Resistance3
4.05E+02

4.00E+02
3.95E+02
3.90E+02

3.85E+02

3.80E+02
0.00E+00 1.00E-02 2.00E-02 3.00E-02 4.00E-02 5.00E-02 6.00E-02 7.00E-02 8.00E-02 9.00E-02 1.00E-01

strain

Figure 33: Graph of three pull tests on the same sample. Conductivity is regained after each failure,
and resistance at failure increases steadily in small amounts.
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5.0 Discussion

5.1 Lead width and shape
The proportionate difference of the resistance to failure in the 100 pm leads when

compared to the 200 um leads can be explained by examining the definition of resistance:

R=% (14)

where R is the resistance, p is the resistivity of the material, L is the length, and A is the

cross-sectional area. The length is constant since all of the samples were identically
dimensioned, and the resistivity is also constant because the materials and proportions on
each wafer were identical. Therefore the only variable that determines the resistance
value is the cross-sectional area. Since the deposition thickness of the metals did not vary
on the same wafer, the increase of width (and hence, area) by a factor of 2 for the 200 um

leads resulted in a proportionate resistance drop (calculated and observed).

The serpentine leads consistently resulted in higher strains to failure, regardless of the
other variables, which was predicted by the analysis of curved beams (Equations 11, 12,
13). For this experiment, the outer radius and inner radius of the curved leads were
designed at 400 um and 300 pum, respectively. Since the cross-sectional area was
rectangular and of a uniform thickness, the centroid was the midpoint of the outer and
inner radii, and 7 =350 pum. Running the numbers through equation 6 gave a value of R

= 347 um, leaving a positive but small value of (17 - R) in the denominator of the stress
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equation (Equation 5). A redesign increasing the value of (F —R) could decrease the

value of this stress and therefore increase the potential life of a sinusoidal device. This
could be accomplished by increasing the cross-sectional area, which can be achieved by

either a thicker layer of gold, or increasing the lead widths.

5.2 Extrinsic vs. Intrinsic Loads and Stresses

For our applications, it was deemed that the effect of the intrinsic properties dominate the
extrinsic ones, as many of the extrinsic loads and stresses were not able to be monitored
or controlled. Given the variables that could be controlled, such as device dimensions
and shapes, the objective was to examine these variables to optimize the lead design for

maximum strains to failure.

5.2.1 Extrinsic Stresses and Loads

Extrinsic stresses for these experiments are defined as variables such as temperature and
pressure in the e-beam, and other fabrication variables. However, those variables were
not able to be monitored, so an analysis of the extrinsic loads was executed as a
substitute.  Extrinsic loads are defined as stresses that occur due to external
circumstances, such as handling and implantation, or the forces seen when comformed to
the curvature of the eye. While it is extremely difficult to measure the forces that occur
due to handling of the device, an attempt was made at modeling the forces necessary to
withstand the curvature of the eye. Examining a simple model of the eye as a semi-

sphere, the relevant equation is:
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E, =& =—— 9)

where ¢, and ¢, are the strains in the x and y directions, z is half the thickness of the

membrane layer, and p is the radius of curvature, which is about 12 mm. (Gray 2000)

For a sample with PDMS thickness of 50 microns, Equation 9 indicates that the device
could only see 0.2% strain before failure would occur. However, these calculations
assume that the PDMS is flat. The residual stresses in our devices create a curve and the
added feature of the protective ribs tend to give a stiffness that is advantageous to our

applications.

5.2.2 Intrinsic Stresses

Intrinsic stresses are defined as stresses that occur that are inherent to materials. For our
devices, the stresses involved focus around how the material was deposited. Although
these intrinsic stresses can be tailored based on the pressure and temperature settings of
the e-beam, we were unable to control the exact parameters of the electronic beam
deposition process, such as temperature or the power needed to melt the metals.

Therefore, our devices are only varied by the thickness and type of deposited metal.

Rheological Tests were conducted (Dynamic Curing Kinetics) to determine the stiffness

of the PDMS as a function of cure time, cure temperature. From these tests, it was found

that the stiffness increased as a function of both cure time and temperature, and to
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increase the optimal intrinsic elasticity, the curing combination of a 1 hour cure at 60

degrees Celsius was chosen.

Cure Time (Hours) Curing Temperature (C) | Young’s Modulus (MPa)

1 60 0.9

2 60 1.35
3 60 1.8
>3 60 plateau
1 75 2.1

2 75 2.4
>2 75 plateau
1 90 2.7

2 90 3.0
>2 90 plateau

Figure 34: Rhealogical data of the effect of cure time and temperature on the modulus of PDMS.

In the electronic beam deposition phase of the fabrication procedure, it was noted that
gold is deposited under compression, while titanium and platinum are deposited under
tension. With a high Young’s modulus (170 GPa) and high internal stress (499-673 GPa)
(MEMS Clearinghouse) tests with platinum gave results similar to those of thick layers of
Ti, with brittle layers showing severe cracking upon fabrication under a scanning electron

microscope. (Figure 35) Gold is a much more compliant material, and for preliminary
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tests, is biocompatible enough although platinum would be the preferred material of

choice for the future.

Figure 35: SEM photographs of cracks in deposited platinum.

Films of gold and platinum were analyzed and juxtaposed to view the differences in
cracking. (Figures 36a, 36b) The SEM photographs of platinum clearly show the
presence of cracks, and also give a three-dimensional viewpoint that the platinum is
delaminating from the surface of the PDMS as a result of these cracks. In comparison,
the SEM photographs of the gold samples do not indicate evidence of cracks.
Furthermore, Figure 36¢c and 36d shows the presence of wrinkling, which was shown
earlier to improve the overall strength of the device. Based on these observations, it is
safe to say that the intrinsic stresses associated with the material selection plays a huge

role in the success of the devices.
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Figure 36: SEM photographs of devices deposited with Platinum (a, b) and Gold (c,d). Platinum shows
evidence of cracking, while Gold shows evidence of wrinkling.

Investigating the theory that the gold traces are also cracked, a closer scan was taken on
an individual gold lead (Figure 37) to maintain mechanical and electrical integrity. Based
on this SEM photograph close-up, it is clear that the metal is wrinkled and does not

contain discontinuity.
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Figure 37: SEM photograph gives evidence that the leads are not broken prior to tensile testing.

5.3 Comparison to Similar Metallized PDMS Developments

In the journal article entitled “Spontaneous formation of ordered structures in thin films
of metals supported on an elastomeric polymer” (Bowden, Brittain et al. 1998),
Whitesides et al. describe a similar process for layering metal on PDMS via e-beam
deposition. This article focuses mostly on the effects of temperature in the curing
process, and the wave patterns produced in the PDMS at various stages of fabrication.
However, the relative thicknesses used in these procedures are significantly larger from
our applications, with a PDMS thickness of 1 centimeter as opposed to 40 microns. The
drastic increase in cross-sectional area decreases the effect of the metal in the composite
structure (Equations 3, 4, 5) and at such thicknesses, the effect of the PDMS would

dominate the modulus calculation. Additionally, the authors use a modulus value for
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PDMS of 20 MPa which is far greater than the value of 750 kPa used for the thin

membranes in this research.
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6.0 Conclusions and Recommendations

Based on the results and analysis of this research, several conclusions can be drawn
regarding the mechanical and electrical properties of the PDMS-metal composite
structures. Of the variables tested, the PDMS thickness, pad-to-lead interface shape, and
width of leads can be deemed inconsequential design parameters in the improvement of
strength of this new material. Thicker adhesion layers of Ti were found to be too brittle

to yield suitable parts for testing, as was the material choice of platinum.

The most significant conclusion resulting from these tests was that the serpentine shaped
leads were more effective over the straight leads. = Though this design may seem
cumbersome and inefficient in terms of space constraints of the device, the improvement

of approximately 70% is noteworthy.

6.1 Future Mechanical Testing Design

The consistently noticeably lower strains to failure in the Instron tests compared to the
manual stretch tests was attributed to the additional pressure of the Instron grips. The
design of the lower grip inserts consisting of two glass pieces with sharp edges directly
gripping the metal leads were thought to shorten the life of the devices, when compared
with the manual tests which gripped the pieces just beyond the metal traces. Although it
was hypothesized that the extra length of straight PDMS may be the cause of the extra
robustness, this theory was discounted as these lengths were proportionately negligible

compared to the total length.
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A possible solution leading towards more reliable mechanical testing is to use a glass
substrate and bond each device to it, metal-side up. (Figure 37) Thin pieces of
conductive copper tape could be used to provide enough force to keep the device in place,

and also to provide electrical conductivity to the plugs that would be attached to the sides.

A 4

Sample

Connector Pins Connector pins

Glass Substrate

Figure 38: Schematic of testing structure redesign for “soft contact” mechanical testing.
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This entire assembly would be inserted into the Instron grips so that only the half of the
glass slide that does not have any part of the device bonded to it would be subject to the
pneumatic grips. While this solution may maintain structural integrity, it would be
expensive and somewhat tedious to use for testing multiple parts, since each testing
structure would be a one-time use disposable assembly, and each of these assemblies
would take time to make. However, tests may be worthwhile to determine if gripping the

leads directly led to error.

While the load cell sufficed in giving measurements for position, load, and resistance, it
was not sensitive enough to give precise strains. If the experiment were to be conducted

again, the purchase of a 1 pound tensile load cell is recommended.

Another recommended improvement to the testing structure would be to create alignment
structures for ease of testing and possibly eliminate the need for two people to
simultaneously working to insert and remove test pieces. Alignment was almost
impossible to standardize, as several steps in the preparation of each setup left room for
error. First, it was difficult to position the device itself into the glass piece structure, as
the primary concern was just to ensure that electrical integrity was preserved. It was
also very difficult to line up the two glass grip inserts flush with the pneumatic grips of
the Instron, and required several iterations for each test conducted. Even when they were
judged to be aligned, there was a lot of room for error, since the measurement was only

by eyeballing and not by any form of measurement.
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6.2 Future Lead Design

This study only examined six carefully chosen variables in the design and fabrication
processes, but there are other variables that merit consideration. The PDMS type was
kept constant with Sylgard 184® manufactured by Dow Corning. Two other types of
PDMS manufactured by Dow Corning could be compared (Sylgard 182® and Sylgard
186®), as well as the possibility of trying PDMS from another company such as NuSil
Silicone Technology. The metal type chosen for the adhesion layer could also be varied
between titanium and chromium, which are deposited in tension and compression,
respectively. The length of the sample and number of leads on a sample could have been
incorporated, as well as variations in the curing temperatures and times, and the angle of

the loop (sharper vs. smoother).

The threshold of the adhesion layer is another variable that could be tested, as only the
two extremes of 50 and 500 angstroms of Ti were tested in this study. 200 angstrom
layers of Ti had been used successfully in the past, suggesting that thicker layers are

possible if it is desirable to raise the stiffness of the overall composite material.

The discovery of the serpentine leads’ effects opens a new realm of possibilities with all
of the variables mentioned above, as well as the design challenge of creating serpentine
patterns out of plane to produce a spring effect. Such a fabrication procedure would be
difficult, as the current procedure could not simply be modified since wafers used as
substrates are flat, and even if a wafer with vias was created, the spinning process for

PDMS would result in uneven layers.
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Figure 39: 100 um serpentine patterened lead with fold out of plane next to a flat straight 200 ym
sample.

Animal implant tests continue at the University of Southern California, as well as
investigation at LLNL to determine the effects of the passivation layer and fabrication
variables, as well as accelerated soak testing to ascertain the level of biocompatibility.
These preliminary studies conducted in the first year of the three-year funded project

show promise towards defining the mechanical properties of the novel material.
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