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A new electro-thermally induced structural failure actuator (ETISFA) is introduced as an activation
mechanism for on demand controlled drug delivery from a Micro-Electro-Mechanical-System
(MEMS). The device architecture is based on a reservoir that is sealed by a silicon nitride membrane.
The release mechanism consists of an electrical fuse constructed on the membrane. Activation causes
thermal shock of the suspended membrane allowing the drugs inside of the reservoir to diffuse out into
the region of interest. The effects of fuse width and thickness were explored by observing the extent to
which the membrane was ruptured and the required energy input. Device design and optimization
simulations of the opening mechanism are presented, as well as experimental data showing optimal
energy consumption per fuse geometry. In vitro release experiments demonstrated repeatable release
curves of mannitol-C' that precisely follow ideal first order release kinetics. Thermally induced
structural failure was demonstrated as a feasible activation mechanism that holds great promise for

controlled release in biomedical microdevices.

Introduction

Implantable drug delivery devices based on MEMS (Micro-
Electro-Mechanical-Systems) represent the next generation of
smart micro delivery systems. A number of MEMS drug delivery
devices have recently been described for treatment of both
chronic and acute conditions.! The ability to selectively release
drugs from implantable drug delivery devices on demand
provides a means for complex and sustained release. Unique
pharmacokinetic profiles can be designed and customized
according to specific drugs and individual patient needs and can
potentially overcome pharmacokinetic limitations of certain
drugs. These MEMS drug delivery devices have been investigated
as long term solutions for treatment of chronic illnesses, such as
cancer, diabetes, as well as pain management.>* Preventive
medical care could be accomplished with this technology by
creating autonomous device activation logic that is triggered by
physiological signals.

A broad range of drug delivery rates can be accomplished by
MEMS based micro delivery systems depending on what mech-
anism is utilized for mass efflux. Slow and intermediate rates can
be accomplished by mechanisms such as diffusion or osmotic
effects. Rapid rates have been accomplished by utilizing bubble
nucleation to eject liquid from the device reservoir.® Other
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reports of MEMS drug delivery systems include subcutaneous
implants for vasopressin delivery, multi-peptide delivery, as well
as current investigation of delivery of chemotherapeutics for
treatment of solid tumors, i.e. brain cancer.®'°

A major hurdle to the successful implementation of long term
drug delivery devices that provide critical doses at the specific site
of interest is, however, the overall miniaturization of the device.
The common denominator for all MEMS drug delivery devices is
their dependence on selective activation of opening mechanisms
to release the drugs from isolated reservoirs. Several opening
mechanisms have been investigated and reduced to practice, such
as the use of electro-chemical degradation,'* as well as electrical
activation.'®!® Electrical activation has proven to be the most
effective, reliable mechanism, and therefore the most logical
choice for integration with VLSI (very large scale integration)
circuits, albeit the one choice that consumes the most energy.

One of the most critical parameters associated with the overall
successful biomedical device implementation is the power
consumption. Current battery technologies aim to optimize the
energy—volume efficiency’**¢ to reduce the overall form factor,
with capabilities of energy volume densities in range of 90—
120 W h kg~!, whereas state-of-art technologies aim for a 200—
400 W h kg ! range. The energy consumption of the device,
therefore, defines a major portion of device volume as it is limited
by the maximum energy density of the power source.

Reducing the overall energy consumption and size of the
MEMS drug delivery device is the main motivation of this work.
Previous generations of the MEMS drug delivery device that
consisted of a full metallic membrane required 1 J for activation.
The devices presented in this work require between 14 pJ and
1400 pJ for activation, a significant improvement. Existing
battery technologies meet the requirements for powering these
devices. Hence, reducing the overall device energy requirements
linearly reduces the required battery mass and thus overall device
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volume. Analogous fuse mechanisms for microfluidics were
recently utilized for one-time use valves for controlling flow.'”!8
That work demonstrated that metallic fuses can effectively
induce structural failure of membranes, but was limited to the
millimetre scale and did not characterize the effects of the fuse
cross-sectional geometry on activation.

The premise of this work is therefore the design of an opening
mechanism for miniaturized implantable drug delivery devices
capable of on demand activation for controlled release at low
energy consumption. This electro-thermal induced failure actu-
ator has been denominated ETISFA. The opening mechanism is
a thin metallic fuse that spans a suspended membrane structure
that isolates the contents of the device reservoir from the envi-
ronment. The fuse is geometrically laid out on the structurally
weakest point of the membrane. Activation causes rapid resistive
heating of the fuse material, creating large stresses on the
suspended structure leading to membrane rupture and reservoir
exposure. The energy consumption for the ETISFA used for the
in vitro release is approximately 134 pJ. This is an improvement
of approximately 4 orders of magnitude over the previous device
generation, which consisted of a full gold membrane of equiva-
lent dimensions. The role of fuse width and thickness was closely
studied in this work. The primary metrics for activation were the
extent to which the membrane was ruptured and energy
requirements for achieving rupture. The device design, model,
and fabrication are presented here, followed by an experimental
optimization to explore the role of fuse geometry. In vitro
experiments showing the tightly controlled release are presented
and discussed in detail.

Design of drug delivery device

The drug delivery device architecture consists of a modular
design with three components: a reservoir, a sealing layer, and
base port layer, as shown in Fig. 1. The reservoir provides the
constrained space where the drugs are stored in either liquid or
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Fig. 1 (A) Render of the low power drug delivery device showing the
three components: reservoir (translucent), sealing layer (green), and input
port (gray). (B) Close-up of the fuse device. The fuse is the thin gold strip
that bridges the larger gold strips over the membrane (not shown). (C)
Experimental set-up for activation and controlled release. (D) Photo-
graph of the device.

C.

solid form, generally in the 20-100 uL range depending on the
application and the potency of the required drug. The base layer
provides an orifice that can be used to fill the device during
fabrication. This orifice is later irreversibly sealed. The sealing
layer insulates the drugs from the exterior, and contains the
active portions of the device. The opening mechanism is defined
as a metallic fuse deposited on a suspended silicon nitride
membrane. Silicon nitride (SizN4) was chosen as an insulating
layer as it provides an excellent diffusion barrier, is biocom-
patible, and has robust mechanical properties to withstand
manipulation and eventual implantation.’®?* The activation
mechanism is based on Joule heating. Electric power dissipated
in the fuse is converted to heat, which increases the temperature
of the fuse and membrane materials. The short electric pulse
provides enough energy to melt the fuse and abruptly expand the
membrane. The melting energy of the fuse material is defined by
the following equation:

Epet = CpplWh(Tf - To) + lfplWh (1)

where c, is the specific heat capacity, p is the material density, /is
the length, w is the width, 4 is the thickness, T} is the melting
temperature, 7, is room temperature, and /; is the latent heat of
fusion.

The short energy pulse dramatically induces high strain levels
on the suspended membrane due to the heat expansion of the
silicon nitride. The resulting stress levels exceed the ultimate
stress of the membrane, leading the silicon nitride to strain to the
breaking point, shattering into small submicron fragments,
which do not cause any apparent harm to the body.? Several fuse
mechanism models have already been comprehensively formu-
lated both analytically and numerically.?*?* Our design goal is to
first obtain a qualitative model for which it is possible to
understand how the fuse dimensions affect the structure of the
silicon nitride membrane, providing a general guidance for
subsequent experiments. The total energy supplied by an electric
pulse can be approximated by the following equation:

V2wh ;
lo((Tw — To) + 1)

Eioa = (2)
v
where Vis the applied voltage, r is the resistivity, /is the length, w
is the width, and /4 is the thickness, « is the thermal coefficient of
expansion, T, is the room temperature, Ty, is the melting
temperature of the fuse material, and ¢ is the time of the applied
pulse. The time can be defined by the Fourier number, a dimen-
sionless parameter that is a measure of heat conducted through
a body relative to the heat stored, given by the following equa-

tion.26,27

F, =k 3)

cppl?

where k. is the heat conductance of the material, p is the material
density, /. is the critical dimension of interest, which in this case is
the length of the gold fuse, and ¢ is the time. A Fourier number of
0.1 was selected for the case where the energy dissipated is
maximized.?*?” The design trade-off is based on the optimization
of structure dimensions as a decrease in the fuse cross-sectional
area allows for an increase in the heat dissipation at the expense
of a higher current density. The optimization, therefore, relies on
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finding the right fuse dimensions that would provide enough
Joule heating to reliably break the silicon nitride membrane.

A finite element analysis (FEA) based on CosmosWorks
(SolidWorks, USA) was implemented to model the membrane
structure for 3 different fuse types. The FEA provides stress and
deformation maps in a static model for simplified analyses. A
solid mesh was defined as approximately 10° elements for the
each structure. Von Mises stresses were simulated as the struc-
ture was subjected to the melting temperature of Au uniformly
along the metallic strip. The heat transfer to the bulk silicon and
surrounding water and tissue was not simulated in this simplified
simulation approach.

We first define the structural dimensions for the suspended low
stress silicon nitride square membranes as 80 pum wide and
200 nm thick. The fuse is laid out across the center of the
membrane, providing a symmetrical geometry for actuation. The
fuse is defined as a bilayer strip conductor of titanium and gold.
A 30 nm thick titanium layer is required to provide an adhesion
layer for the gold. Two large electric pads on either side of the
fuse allow energy to be delivered to the fuse from an external
signal generator with very low parasitic losses. The dimensions of
the strip are varied in the analysis in order to obtain a qualitative

Table 1 Parameters and corresponding values used for analytical and
numerical simulations. Values obtained from ref. 18, 20, 21, 30, 32, 33
and 35-40

# Parameter Description Values Units

1 Iy Membrane length 80 pm

2 hy Membrane thickness 200 Nm

3 L Fuse length 80 pm

4 W Fuse width 20, 40, 60 pm

5 H Fuse thickness 100, 250, 500 Nm

6 Eg, Si3N4Young’s modulus 310 GPa

7 Ssin Shear modulus 260 GPa

8 Psin Si3Ny material density 3310 kgm™

9 Tn SizNy tensile stress 400 MPa

10 Y Si3Ny yield strength 4 GPa

11 kgn Si3Ny thermal conductivity 27 Wm'K!
12 ¢p sin Si3Ny heat capacity 710.6 Jkg 'K
13 vgn Si3Ny Poisson’s ratio 0.23 —

14 ag, Si3Ny—coeff. thermal expan. 3.3 x 10-¢ 1K!

15 ra Au electrical resistivity 224 x 10 Qm

16 o,y Au—coeff. thermal expan. 1.4 x 107 1 K™

17 E. Au Young’s modulus 78 GPa

18 vau Au Poisson’s ratio 0.44 —

19 Sau Au shear modulus 26 GPa

20 T Au tensile stress 103 MPa

21 Ya Au yield strength 200 MPa

22 pau Au material density 19 300 kg m™

23 ¢p Au Au heat capacity 130 Jkg 'K
24 K. Au thermal conductivity 300 Wm' K!
25 I 4y Au latent heat 63.7 kJ kg™!
26 T Au Au melting point 1337 K

27 pg Ti material density 4600 kgm™

28 Ey Ti Young’s modulus 110 GPa

29 Sy Ti Shear modulus 43 MPa

30 vy Ti Poisson’s ratio 0.3 —

31 Ty Tensile strength 235 MPa

32 Yy Ti yield strength 140 MPa

33 T Ti melting point 1941 K

34 T, Room temperature 300 K

35 cpi Ti heat capacity 460 Jkg ' K!
36 Kj Ti thermal conductivity 22 Wm'K!
37 Iy Ti latent heat 296 kJ kg™!

Table 2 Summary of calculation results combining eqn (1)—(3) and
values from Table 1

Parameters Value
Pulse width/ps 10
F, 0.1
Fuse Fuse Input Energy to Input
thickness/nm width/um voltage/V melt fuse/pJ energy/pJ
100 60 1.3 1.83 95

40 1.2 1.2 70

20 1.7 0.610 17
250 60 0.64 4.57 299

40 0.82 3.05 165

20 0.88 1.52 11
500 60 0.56 9.15 640

40 0.59 6.1 340

20 0.68 3.05 9

understanding of the effect on the membrane. The width of the
gold is simulated as 20 um, 40 pm, and 60 um. A 3D render of
fuse device is shown in Fig. 1B. Table 1 provides a summary of
the material properties for energy calculation. Table 2 provides
the pulse width and energy values as a function of fuse type,
combining eqn (1)—(3). The factor of safety defined as the ratio of
the Von Misses stress to the yield strength of the Siz;N4 was
monitored for the three cases. The thickness of the conductor is
not relevant in this static simulation scenario as the temperature
is statically defined on the fuse surface area, and this dimension
does not play a role in the heat transfer process to the membrane.
Von Mises stress maps and displacement views for each simu-
lated structure are shown in Fig. 2.

The high stress levels are depicted in red. The simulations and
calculations predict that as the fuse width is reduced, less energy
is required to burst the membrane and as the fuse thickness is
reduced, the current density is increased. The calculations and
simulations demonstrate that the energy requirement will
decrease with decreasing thickness and width. The optimal fuse
dimensions, however, would allow both reaching the melting
point of the gold structure and creating a mechanical failure
mode sufficient to burst the entire membrane at the minimum
energy. FEA results combined with the simple analytical model
provide a preliminary baseline for the experimental assessment.
The extent of the membrane rupture will be determined experi-
mentally.

Fabrication

The fabrication process involves standard bulk micro-
machining,?® shown in sequence in Fig. 3. The first step involves
the deposition of 200 nm of low-stress, low pressure chemical
vapor deposition (LPCVD) SisNy on 4 inch 300 um single-
crystal-silicon (SCS) wafers. One side of the wafer was patterned
and etched via reactive ion etching (RIE) to define ~200 um by
200 um regions of bare silicon. Exposure to 20% KOH solution
resulted in a self terminating etch that created 80 by 80 pm sus-
pended SizNy membranes. Titanium (30 nm) and gold layers
were sputtered after standard organic cleaning. The Au thickness
was varied at 100, 250, and 500 nm in order to vary the current
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density required to experimentally burst the membranes. The
fuses were then defined using standard photolithography,
followed by sequential timed wet etching steps using gold and
titanium etchants. The lateral dimensions of the fuses were
defined by the mask design as 80 pm long, whereas the width was
varied per design as 20, 40, and 60 pm.

Release study devices were assembled in the following fashion.
The wafers were diced, creating chips that each contained one
membrane. The chips were affixed to Pyrex reservoir pieces via
UV cured epoxy. The Pyrex reservoir pieces are 2.2 mm thick,
6.5 mm long, 5 mm wide, and drilled to define a cylindrical
reservoir with a 3.5 mm diameter (20 uL). The base layer was
affixed to the backside of the reservoir piece via UV cured epoxy.
The devices were filled with a motorized syringe unit (World
Precision Instruments, USA) to provide a precise payload
volume. The input port was sealed with UV cured epoxy
(Dymax, Inc.) after filling the devices. The error for volume
loading was estimated as 1 pL. Copper wires were soldered
directly on the electric pads, and covered with UV-epoxy to
prevent any contamination, and guarantee electrical isolation.

Experimental optimization

The experimental optimization involved testing the fabricated
versions of the membrane layer. The fuse devices were placed
inside of a transparent plastic container to simulate device
activation during release. The membrane was fully immersed
in water preventing any bubbles from affecting the experi-
mental results. A probe station (Signatone, USA) was used to
connect devices to a high power pulse generator (Hewlett
Packard, USA). The current was monitored as the voltage
drop across the series resistor and was captured using an
oscilloscope (Tektronix, USA) as the pulse was applied. The
membrane structures were visually inspected during the
experiment using the probe-station stereoscope in order to
check if the applied pulse provided enough energy to burst the
membrane. The optimization step took place by reducing the
voltage necessary to burst a membrane, and then by reducing
the width of the pulse. Open circuit conditions were also
verified by measuring the electrical resistance using a standard
ohmmeter.

A

L

C.

Fig. 2 FEA analysis of the suspended structure showing an isometric view of the Von Mises stress on the surface area of the membrane, and a lateral
view for displacement showing structural deformation. The meshed of the analysis included approximately 10E5 elements. (A) 20 um wide fuse, (B)

40 um wide fuse, and (C) 60 um wide fuse.

This journal is © The Royal Society of Chemistry 2010

Lab Chip, 2010, 10, 2796-2804 | 2799


http://dx.doi.org/10.1039/C005135G

Downloaded by LIBRARY OF CHINESE ACADEMY on 08 October 2010
Published on 27 August 2010 on http://pubs.rsc.org | doi:10.1039/C005135G

View Online

1. 5CS Wafers coated with
200 nm of LPCVD Si3N,

2. Backside Photolith to
define membranes

3. KOH Etch defining
suspended membranes

4. Front-side Ti, Au
deposition

5. Front-side photolith to
define fuses and
electrodes

6. Au and Ti etching,
followed bv oreanic clean

Fig. 3 Fabrication process sequence for the membrane layer and
backside input port.

Table 3 Values depicted in Fig. 7, n =5

Number Width/um Thickness/nm Ryeasurea/©2 Time/us Energy/pJ

1 60 500 0.5 970 1409
2 250 0.68 250 347
3 100 1.7 58 40
4 40 500 0.52 500 512
5 250 1.01 170 134
6 100 1.7 65 30
7 20 500 1.27 94 78
8 250 1.72 66 40
9 100 3.95 18 14

Table 3 provides a summary of the experimental results,
showing the average values per fuse type. Fig. 4 and 5 show
a series of SEM, microscope, and confocal microscope images (of
membranes per fuse type for a 250 nm thick gold layer prior to
and post-activation). The effective area for the 20 um wide fuse is
critically smaller than for the 40 um and 60 um wide fuses. The
images clearly show that the membranes ruptured, and that the
fuses melted. Fig. 5 also shows 3D confocal images of the
membranes after fuse activation. The 20 um wide fuse was
partially burst and deformed; whereas for the 40 pm and 60 pm
wide fuses, the membranes were fully burst. Fig. 6 shows the
voltage and current traces for a 250 nm thick gold layer for each
fuse width, captured using the oscilloscope. The pulse height and
width of the current decrease as a function of width. Fig. 7 shows
a three dimensional plot of the energy required to burst
a membrane as function of fuse dimensions. It is possible to
observe the energy required to burst the membrane scales down
as function of width and thickness, corroborating the theoretical
calculations. The voltage and time were also indicated in the 3D
plot. 40 um wide fuses were chosen as the optimal for the release
characterization, they are capable of bursting the entire
membrane consistently, and maximize the flux area.

Toem

Fig. 4 SEM and confocal microscope images of sealing layer showing
structure before and after activation for each fuse dimension all with

250 nm of Au layer. (A) 20 um wide, (B) 40 um wide fuse, and (C) 60 pm
wide.

0.0um 0. Opm

0. Dum @, Oum

0. Ou= 0, Oum

Fig. 5 Microscope and confocal microscope images for 250 nm thick
fuses. (A) 20 um wide, (B) 40 um wide, and (C) 60 um wide.
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Fig. 6 Oscilloscope capturing images showing activation pulse voltage values (blue) and current (red) values for 250 nm thick fuses. (A) 20 pm wide, (B)

40 pm wide, and (C) 60 um wide.
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Fig. 7 Minimum energy to burst fuse as a function of fuse dimensions.
Refer to Table 3 for values.

Release experiments

The assembled devices were filled (20 4 1 pL) with a radiolabeled
mannitol-C'* (Moravek, USA) water solution with a syringe
micro-injector. The devices were activated using the high pulse
voltage generator at 2 V and pulse width of 250 ps, introducing
a factor of safety of approximately 400 percent from the
experimental optimization results. Fig. 5 shows the experimental
setup. Soon after the devices were activated, the resistance of the

Fraction Released

“o0 50 100 150 200 250
Time (h)

Fig.8 Release profiles, n = 5 for activated devices, and n = 5 for control
devices. Error bars represent standard deviation.

fuse was measured to verify open circuit condition, which was
verified for all the activated devices. Fig. 1D shows a photograph
of the assembled device. The release experiments consisted of
using 10 devices, 5 served as un-activated controls and the
remaining 5 were activated for release characterization. Each
device was placed into a stirred 4 millilitre de-ionized water bath
at room temperature. The baths were sampled regularly and the
extent of release was quantified using liquid scintillation counter
(Perkin Elmer, USA). Fig. 8 is a plot of the average extent of
release versus time of the activated and control devices. The
amount released by each device was normalized to its original
payload and plotted as a function of time. The control devices
remain at baseline levels for the duration of the study. The
activated devices all demonstrated reproducible, diffusion driven
release profiles of the form:

M(t) = 1 — exp(—kt) 4)

where M(z) is the normalized extent of release (mass released
divided by mass loaded), k is a time constant related to the
diffusivity and the geometry of the system and ¢ is time. Profiles
of this form are consistent with 1% order release from a drug
delivery device (see ESIT). The relatively small amount of error
present in the release curves demonstrates that gold fuses are
capable of rupturing underlying nitride membranes reliably and
in a manner that produces a consistent aperture, providing a very
repeatable flux.

Discussion

The ETISFA was simulated using a FEA model to provide an
analysis of the mechanical behavior of the suspended membrane.
Fig. 2 provides a unique insight to understand how the
mechanical dimensions of the fuse make an impact on the
mechanical deformation of the membrane. The Von Mises
stresses and displacements were numerically calculated and
plotted. The fuse acts as an electro-thermal actuator that allows
for rapid mechanical expansion of the silicon nitride membrane.
The width of the fuse is of unique importance to provide the
stresses in the critical points of the suspended structure. Fig. 2
also shows the lateral view of the displacement per fuse type as
the fuse temperature is defined as the melting point of gold. Three
displacement peaks are clearly noticed. The first peak shows how
the bending stresses introduce deformation in outward direction.
The second and third peaks show how the bending stresses
introduce deformation in the inward direction. An interesting
aspect of the simulation shows how the magnitudes of the upper
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peak displacement and the magnitude of the lower peak
displacement increase as a function of the increasing width. It is
important to notice the distance between peaks is proportional to
fuse width, forcing the peaks closer to the edges as the width
increases. Fig. 2 also reveals that the peak sharpness decreases as
a function of the increasing width. The simulations provide an
understanding for optimization of the fuse width; if the fuse is
too narrow, the displacement peak will be sharp but the stress
magnitude will not be as high as the widest fuse. If the fuse width
is too wide, too much energy will be inefficiently used.

It is important to notice that the static analysis was imple-
mented defining a constant temperature along the surface area of
the fuse. The analytical calculations in Table 3 demonstrate that
the current density and the pulse width necessary to achieve T,
will scale with fuse width. Fig. 2 shows a perspective on the
experimental optimization providing a selection criterion for the
device dimensions for reliable in vitro and in vivo experiments.
The thickness plays a key role as the resistance increases with
decreasing cross-sectional area, resulting in an increase of the
current density. Although less energy is required to melt the fuse,
more energy is required to achieve plastic deformation. As
a result of this optimization, the chosen fuse dimensions for the
release experiments were the intermediate values, 40 um wide and
250 nm thick, in order achieve a wide and sharp deformation
peak that would provide enough energy to completely burst the
membrane with the lowest energy.

The previous device generation required approximately 1 J for
activation. The energy requirements for activating the ETISFA
range from 9 pJ to 640 pJ depending on the fuse geometry (width
and thickness), which represents at least a 4 order of magnitude
improvement. We utilized the geometry of 40 um by 250 nm as
the exact middle point to achieve low activation energy as well as
satisfying the requirement of complete membrane area opening.
A previously reported MEMS drug delivery device*® contains
a metallic membrane that upon activation is completely melted
by resistive heating. The device required activation energies of
25 wJ, with smaller 50 x 50 pm Pt/Ti/Pt membranes. This
opening mechanism, however, does not scale up favorably with
dimension because the activation energy scales with the

Table 4 Summary of FEA for maximum stress, deformation levels and
FOS as function of temperature and membrane and fuse length

Fuse Max. Max. FOS
Temperature/K dimension/um deformation/um stress/GPa (von Mises)

1350 40 .004 2.06 0.097
1350 80 2.08 2.00 0.100
1350 90 2.41 2.09 0.096
1350 100 2.21 2.07 0.097
1350 110 3.00 2.04 0.098
1350 125 3.34 2.07 0.097
1350 150 4.00 2.04 0.098
1350 200 5.60 2.08 0.096
400 40 0.004 2.00 1.00
400 80 0.202 1.93 1.00
400 90 0.234 2.02 1.00
400 100 0.214 2.00 1.00
400 110 0.291 1.98 1.00
400 125 0.325 2.00 1.00
400 150 0.394 1.97 1.00
400 200 0.540 2.00 1.00

membrane area. The ETISFA, on the other hand, requires only
a fraction of the material to burst the membrane, since the failure
mechanism is based on locating a narrow fuse at the critical areas
of maximum stress values of the membrane, rather than melting
the full membrane material.

FEA analyses were performed in order to obtain a more
comprehensive understanding of the fuse activation mechanism
and how activation energy scales with membrane size. Simula-
tions were performed for 40 pm wide, 250 nm thick gold fuses
that traversed square membranes of varying size. The stress,
deformation, and factor of safety based on the Von Mises
criterion were calculated. Table 4 provides a summary of the
simulations. Simulations were first run with the fuse at 1350 K,
just above the melting temperature of gold.

The factors of safety (FOS) based on the Von Mises criterion
for fuses at this temperature were approximately 0.1. The next
step of the simulations was to perform an optimization for which
the FOS was defined as 1 while the temperature on the fuse was
varied. Simulations revealed that for all structural lengths, the
FOS equaled 1 when the fuse temperature was defined as 400 K.
Each membrane failed at the same fuse temperature, width and
thickness. The energy required to achieve this temperature,
therefore, scales only with the length of the fuse, refer to eqn (1).
Another important aspect to take into account is the non-linear
scaling of the structural integrity of the membrane. The silicon
nitride membrane behaves as brittle material structure with
a stiffness and robustness that decreases as a function length, as
shown by the following equation:3°-3*

- Cita,

P= a+ L

2 #

where C; and C, coefficients equal to 3.03 and 0.547 corres-
pondingly, ¢ is thickness, / is width, d is deflection and E is the
Young’s modulus. The first term defines the pressure to balance
the residual stress (g,) the membrane. The second one is defined
by the stretching of the membrane. The fuse structure has
a plastic deformation until it melts with a stiffness and structural
robustness that decreases as function length but slightly rein-
forces the overall structural robustness of the membrane.
Therefore, two competing forces need to be taken into account.
The first one is the mechanical energy to create a failure mode in
a membrane, which decreases as function of length. The second
one is the energy to melt a fuse, which increases linearly as
function of length. These two considerations need to be
combined with the fact that FEA static analysis does not provide
information related to the transient time, as well as other non-
linear effects due to the spike in the applied electrical signal, and
the fact that devices were activated in water. The full elucidation
of these effects is beyond the scope of this work and will be
addressed in the future work related to the device function.
Therefore, the linear scaling argument that resulted from the
FEA analyses is an upper bound and provides just a first order
approximation of how activation energy scales. Fuses (40 um x
250 nm) were used to activate devices with an effective aperture
of 200 um x 200 um. The average activation energy was found to
be approximately 70 pJ. Non-linear effects, therefore, appear to
dominate the activation energy scaling on this length scale.

The very tight tolerances during manufacturing process
assured consistent resistor values that provided repeatable results
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for the release experiment. The release curves shown in Fig. 6
provide valuable information on the process that follows almost
ideal diffusion curves from a point source. Fig. 6 shows the
release experiments during 200 hours of delivery. The control
curves demonstrated that the devices were sealed, and did not
provide any significant leakage. The tight variations within
profiles guarantee a controlled release for drug delivery devices
that could be used as novel therapeutic modalities for a wide
number of applications. Future work will also include the
introduction of higher resistivity materials such as Ti/Pt in order
to further minimize the energy consumption.

These results demonstrate that this technology can be
employed to produce very effective, reliable and low power
MEMS based delivery systems for a number of pharmacological
therapies. This device can be a platform for targeted treatment,
instead of systemic delivery, providing more efficacious and
tolerant treatments with fewer harmful side effects. Special
attention will be given to the field of oncology for treatment of
inoperable cancers, miniaturized delivery devices are advanta-
geous over traditional treatments.

Conclusion

The motivation for this work was to explore a fuse activation
mechanism that operates via electro-thermally induced structural
failure for miniaturized implantable drug delivery devices capable
of on demand activation for controlled release at low energy
consumption. The role of fuse dimensions was closely investi-
gated to optimize energy consumption. Two metrics, extent of
membrane rupture and energy consumption, were used to eval-
uate the performance of each fuse type. The fuse mechanism has
been optimized to reduce the energy consumption, while maxi-
mizing the aperture area for flux. Drug delivery microdevices
implemented with this mechanism released mannitol-C'" in
a controlled, reproducible fashion. Future work will include the
development of an analytical model complemented by simula-
tions to obtain an in-depth analysis of the actuator behavior. We
will also investigate new materials, including the use of higher
resistivity metals. Future work will also involve the use of an in
vivo model. ETISFA holds promise as a method of achieving on-
demand controlled release from MEMS based implantable drug
delivery microdevices for a wide range of pharmacological ther-
apies. The ability to control the burst area of the membrane
provides a unique method to vary the flux and therefore the
release rate on demand. For example, we could envision the use of
a single reservoir capped by a number of membranes. Each
membrane can be addressed independently and ultimately
provide a variable flux. Therefore, the ETISFA could have
a potential in the field of personalized medicine for which a dose
could be dynamically customized per patient and as function of
dynamic diagnosis. We believe that there are great ramifications
for the potential use of ETISFA as devices for new drug delivery
modalities that will involve the use of long term implantation for
treatment of acute conditions as well as chronic illnesses.
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