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Summary: Implantable controlled drug delivery can be used Watch controlled drug
release. A novel device for subcutaneous implamais proposed to eliminate the use of
internal electronics and power source, where attivamechanism relies on selectively
breaking single reservoirs of an implanted resemoiay using ultrasound.

Laser interferometry is used to determine the mbeéal shape of the vibrating
membrane and estimate the residual stress. Reseltgsed to fit a shell elements model to
determine the effective sound pressure on the memeb\With loads, membrane properties
and residual stress, energy density criterionéslus analyze failure and modify the design.

Ultrasound induced dynamic failure is shown to Heasible actuator technology, by
tailoring failure conditions using energy dendititerion so that the device can be activated at
discrete frequencies.



S. Curi, D. Veysset, R. Cantor Balan, S. Kooi, KNelson, N. M. Elman, S. D’hers.

1 INTRODUCTION

Implantable controlled drug delivery devices basadVicro-Electro-Mechanical-Systems
(MEMS) have been proposed for a number of clinmgplications that require sustained
release [1]. Batch controlled release mechanisnesrebn selectively actuating single
reservoirs of an implanted reservoir array as deledrby the pharmacological therapy.
Several electro-thermal actuators have been prdposieurst membranes that seal reservoirs,
controlled electronically from within the implantal@evice [2].

A novel device for subcutaneous implantation ispps®ed to eliminate the use of internal
electronics and power source, which uses an extalmasound source to cause catastrophic
failure of the sealing membranes.

Reservoirs are manufactured using Si3N4 Low Pressliremical Vacuum Deposition
(LPCVD) and subsequent anisotropic silicon etcimgisd{OH. Membranes are supported in a
SCS wafer (0.5mm) and exhibit residual stresse8MEa— 1400MPa) due to the fabrication
process [3]. Membrane dimensions are key paraméiersingle reservoir activation and to
ensure hermeticity prior to activation. Lateral dimsions are in the 250um-1mm range and
thickness is in the 50nm-250nm range.

The paper is organized as follows. To explore memdifailing conditions, manufacturing
membrane residual stress has to be estimatedhBopurpose the®lresonant frequency is
experimentally measured through an indirect metffection 2). With the residual stress
estimation at hand, the deformation caused bysdtrad is measured and correlated with a
numerical finite element shell model to obtain aguiealent sound pressure (Uniform
pressure that causes same deformation) (SectioWBh the membrane stress and the
equivalent sound pressure, energy density failtterion is applied and membrane design is
modified to cause catastrophic failure (Section 4).

2 EXPERIMENTAL SETUP

2.1 Optical observation of a vibrating membrane

Different membranes were imaged while being acoaltyi excited by a commercial
speaker in order to characterize their vibrationatles and frequency response. By spanning
the excitation frequency in the [1 kHz — 100 kHznhge, we were able to determine
frequencies where the membrane experienced restikardeformation with an associated
vibration amplitude.

The membrane is imaged onto a CCD camera usiegnéosecond lasekfser= 400
nm, 150 femtoseconds duration) pulse, derived feoifi:Sapphire amplifier, and a simple
two-lens configuration (Figure 1). An interferometimage (Figure 2) is obtained using a
reference beam - derived from the same amplifisdrlaulse - through a classical Michelson
interferometer (Figure 1). Since the oscillatiomiqe of the membrane is large compared to
the laser pulse duration, the phase of the speeketation signal needs to be adjusted
manually with a delay generator so that the mengianmaged at its maximum deviation.
Each fringe jump, e.g. black fringe to black fringepresents an optical path length difference
of Mases therefore a height difference (or deviation)\gfe/2 of the membrane surface (as in
reflection configuration). The surface contour loé tmembrane is extracted directly from the
recorded image.
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For all the tested membranes, the only observecersbhdpe was the 1st vibrational mode
shape at several frequencies with varying amplititigher modes were not observed. This
set of results can be attributed to harmonic distorin the speaker system. It is known that
speakers experience harmonic distortion [4], wiéctihe appearance of an infinite amount of
higher exciting frequencies spaced among each ditlieefundamental one. This means that
when the input of a speaker has f frequency, omjillbave a frequency spectrum with f, 2f,
3f, ... peak frequencies, and each of those peakis wdtiable amplitude depending on
speaker non-linearity. This hypothesis is appliedext section to estimate the 1st vibrational
mode frequency.
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Figure 1: The membrane is acoustically excited &ipeaker disposed few centimeters away and igeichan
the CCD camera using a femtosecond pulse. The spé&akriven with a sinusoidal signal whose frequeis

tuned manually. The interference of the beams ctfte from the vibrating membrane and a referenaeomi
gives rise to an interferometric image on the CCD.
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Figure 2: Interferometric images of a vibrating infimembrane at its resonance frequency of 20.2 Kift)(

The image was captured when the membrane showssalmeoo deflection during its vibration. (Right) &h
relative phase of the speaker was adjusted relptivehe laser time of arrival so that the memieramimaged at
its maximum deviation characterized by a maximurmber of fringes. The interferometric image is aedir
representation of the contour of the membrane serfénset) The black arrows indicate the time hicw the

membrane is imaged in the course its oscillations.

These measurements are extremely informative gaewely but not practical for
systematic characterization. For each frequeneysitinal phase has to be manually adjusted
as explained earlier, making it cumbersome to ctiverentire range continuously. However,
once it is established that the only excited vibral mode is the 1st mode, measuring the
amplitude of vibration versus excitation frequensysufficient to determine the response
spectrum. To do so in the future, we are planninignplement a complementary setup similar
to [5] commonly used to detect surface acousticesavhis technique, based on cw-laser
probe beam deflection, would enable fast and complmeasurements of different
membranes’ frequency response.

2.2 Resonant Frequency Estimation

Focusing on the 1pm side membrane? vibrational mode was obtained when the
speaker was set at several frequencies, see Table 1

Table 1: Speaker frequencies that excitevibrational mode for

1pm square membrane and 50 nm thickness.

4.3 kHz
8.3 kH:
17.0 kHz
20.2 kH:
23.7 kHz
26.3 kHz
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4.3 kHz
8.3 kHz
17.0 kHz
27.2 kHz

Using these measured frequencies, we search @wrsm for the frequency, fthat
minimizes the sum of squared difference to intggeduct of {,

e = %Z min (ceil (];—T) - <];—T) , (};—T) — floor <};—T))

being e the relative error for each target frequency andth@ number of measured
frequencies. In Figure 3; @listribution is plotted. The range adopted is 60460 KHz
according to residual stresseses found in liteeati®] and their corresponding natural
frequencies. The;fthat minimizes it is hence considered to be thevibration resonant
frequency, 241 kHz.

Although this result is theoretically feasible, tifiect that is the 58 harmonic
distortion of 4.3kHz frequency calls authors atiteamt Further experimental validation is
required.

The residual stress can be obtained from [6]

1 zar @
f1—ﬂ o

where, | is the membrane lateral dimension (1 pgnjhe residual stress apdthe density
(2900kg/n). Henceo, = 337MPa.
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Figure 3: Target frequency erragrfer 1um square membrane and 50 nm thickness.
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3 NUMERICAL MODEL

3.1 Shell Model

From structural point of view, membranes are thiellshwith axial and bending
stiffness. The 4 node shell element with Mixed Iptdstion of Tensorial Components
(MITC-4) [7] under Reissner-Midlin hypothesis isogded for the finite element model. The
manufacture residual stress obtained in sectioni.idtroduced into thin shell dynamic
through the stress stiffening matrix [8].

Regarding boundary conditions, clamped and simpppsted conditions are tested
and compared to interferometry analysis resultss lfound that best fit is found when
boundaries are simply supported and not clamped Mi@ans that the support wafer is not
capable of restricting rotations on the membrane.

3.2 Equivalent Sound Pressure

Residual stress estimation and the deformed shaghe eibrating membrane obtained
from laser interferometry are used to determine theiE&lent Sound Pressure in order to
understand the loads the membrane undergoes. Tageins filtered and mid-side and
diagonal deflection profiles are obtained and comgaio the Shell Model developed in
section 3.1.

The pressure is calibrated adjusting maximum membramadement and shape
heuristically. In Figure 4 the calibration is shofer the 20.2 kHz excitation case. Equivalent
Sound Pressures obtained for other excitation &egies are shown in Figure 5.

3000

2500 — —

2000 DO

1500 — —

Deflection [nm|

1000 e

500 — —

Mid-Side FEA
£ T Mid-Side Image
Diagonal FEA
Diagonal Image

O henm— \ |
100 200 300 400 500 600 700 800

x[p m]

Figure 4: Adjusted shape for 20.2 kHz excitationlgguare membrane and 50 nm thickness.
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Figure 5: Obtained Equivalent Sound Pressuresifar §ide membrane and 50 nm thickness.
4 FAILURE

4.1 Failure Criterion

Since during experiments no membrane failure waeed, regardless of size and
thickness ratios and the power involved, Energysiercriterion is adopted to understand
failure threshold and to be used later as desigh liowas chosen due to the;lSj brittleness
and the dynamic loading conditions of the problerdar study [9].

Several membrane modifications and mass additioestested to finally find that
rupture can be reached by local addition of nocsiral mass to the membrane at one corner.
This added mass prevents membrane from moving andeatrates Energy density. See
Figure 6 for the Energy density plots and a phatplgrof a membrane with the nonstructural
mass added. Energy density threshold value isoybetdetermined since only failure, non-
failure results could be obtained.
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Strain Energy [J/mg]

Figure 6: Energy density pattern and photograpH fon square and 50 nm thickness membrane with added
mass.

5 CONCLUSIONS AND FUTURE WORK

Ultrasound induced dynamic failure is a feasibleuaitr technology to be used in
micro-devices. Concept has been simulated, manuéxtand tested.

Further understanding of the speaker as burstiMeleparticularly the selectivity
that can be reached when harmonic distortion iseptess necessary to be able to burst
individual membranes without risking bursting othemmbeanes in the array.

In order to characterize membrane mechanical behawoethod based on harmonic
distortion was developed, however a more reliablenbrane residual stresses measurement
technique must be applied.

Since thin shells mechanics can be accurately dejoexd, future work will focus on
tailoring failure conditions using modal energy siéyn so that the device independent
reservoirs can be activated at discrete frequencies
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