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Abstract: This paper presents the development of a lab-on-chip system based on the use of local
vibrations to mechanically stimulate biological materials. It reports on the development and
characterization of a piezoelectric actuators driven system designed to operate in liquid media.
The microfluidic packaging of the Micro Electro Mechanical System (MEMS) is first presented.
Then, electromechanical measurements done to calibrate our system are compared with Finite
Element Method (FEM) simulations. These results are the first steps for implementation of
piezoelectric MEMS to study mechanical response of biological cells at the population level.
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1. Introduction

MEMS based sensors and microsystems offer significant potential for studying biological cells.
Studies have already been done on single cell using MEMS to study how cells grow upon exposure
of drugs [1,2] or cell fatigue [3]. MEMS devices with piezoelectric transducers can also be used for
cell studies using acoustic waves [4]. These systems offer the possibility to study adhesive forces and
cellular response to controlled mechanical stimuli. It has been recently recognized that cells do
display differential mechanical behaviors according to their biological states. Our intended goal is
the label free recognition of various cell types (e.g., cancerous cells) and their response to various
drugs according to their mechanobiology. To achieve this, we developed a MEMS controlled
mechanical waves generating system with submicronic displacements in liquid media [5,6] in order
to study cells in cell culture setting [7].

2. Materials and Methods

2.1. Design

The vibrating MEMS was developed based on thin film piezoelectric Aluminum Nitride (AIN)
actuators, manufactured out of standard 200 mm glass substrate (EAGLE XG®) with a standard
thickness of 700 um. The piezoelectric stack of the actuators consists of 2 um thick AIN, in between
220 nm thick Molybdenum bottom and top electrodes [8]. A 300 nm thick silicon dioxide passivation
layer is deposited and the connection of the electrodes is enable by a gold (Au) layer of 500 nm above
a 20 nm thick Titanium (Ti) adhesive layer. The AIN is deposited using reactive sputtering from an
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aluminum target under a nitrogen atmosphere. A reflective coating is added to perform optical
measurements. Figure la gives a schematic view of the technological stack and a photography of a
40 x 30 mm? plate diced from the glass substrate. The actuator is positioned at the center of the plate
in order to fit the maximum out-of-plane vibration mode amplitude area as shown in Figure 1b.
The second actuator column at the left of the plate is not used in this study.
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Figure 1. (a) AIN-on-glass schematic technological stack cross section and photography; (b) Design
of the 40 mm x 30 mm glass plate and schematic cross section of resonant mode shapes.

2.2. Microfluidic Packaging

A microfluidic cavity is made out of etched Poly(methyl methacrylate) (PMMA) plate placed on
the back side of the glass plate. The dimension of the cavity are 30 mm x 20 mm x 1 mm and can be
filled using Tygon tubing. In order to actuate the AIN actuator, the gold pad electrical contacts are
connected by Pogo Pin. The whole packaging is clamped by screws. With this system the glass plate
can be removed and changed easily in the perspective of testing different glass plates and actuation
configurations. A schematic drawing of the microfluidic packaging is described in Figure 2a and a
photography is presented in Figure 4b.
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Figure 2. (a) Schematic drawing of the microfluidic packaging; (b) Photography of the
microfluidic packaging.

2.3. Electromechanical Characterizations and FEM Simulations

The electromechanical characterization of the device is performed using a Polytec Laser Doppler
Vibrometer (LDV) MSA400. The out-of-plane resonant modes are studied between 500 Hz and
150 kHz. An electrical signal of 1 Vrms is applied to actuate the AIN actuator with the focus on three
modes of interest: 1st flexural mode, Lamb mode with 6 nodes and Lamb mode with 8 nodes as
shown in Figure 1b. The measurements are performed in air and with the cavity filled with water
(Figure 3). The velocity obtained by the LDV in liquid as to be corrected by the refractive index of the
liquid to take into account the fact that the vibration is measured in liquid. The different modes are
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identified in this two environments by several measurements on the whole plate. Displacement
amplitudes are also measured for the focused resonant modes with different AC voltages up to
20 Vrms applied to the actuator.

Finite Element Method (FEM) simulations are carried out, using COMSOL Multiphysics, to
model the behavior of the system under different environments and to study the impact of the
clamping on the glass plate. 3D model was developed using the acoustic-structure interaction module
to take into account the impact of the liquid media on the vibration modes.

3. Results

The three out-of-plane modes have been identified thanks to vibrometry measurements at the
center of the plate (Figure 3). The results show an impact of the liquid media on the resonant
frequencies of the interesting vibration modes. As predicted by FEM simulations, the presence of liquid
in the microfluidic cavity induced a frequency shift towards lower values. As shown by Figure 3, unlike
the first mode which has been importantly impacted by the filling of the cavity, the quality factors of
Lamb resonant modes are only slightly affected by the presence of liquid. For example a quality factor
calculated at -3 dB of 18 is observed for the Lamb 6 nodes mode in liquid compared to a value of 20
in air. These measurements make the different Lamb modes some good candidates for our further

biological studies in liquid medium.
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Figure 3. Spectrum of the different modes of interest and identification of the resonant modes from
simulation in air and liquid. (a) 1st mode; (b) Lamb mode with 6 nodes; (c¢) Lamb mode with 8 nodes.
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Now that the different resonant modes are identified, we are interested in the displacement
amplitudes of these vibration modes in function of the applied voltage on the actuator for both
environments. Figure 4 shows, as expected by Figure 3, that the first mode of resonance induced a
higher displacement compared to Lamb mode but it is importantly influenced by the environment.
At contrary, the displacement amplitudes of the Lamb modes stay relatively close to their value
measured in air. For example, an interesting 5.4 nm is obtained for the Lamb mode with 8 nodes
measured in liquid under only 20 Vrms for a reference value of 6.4 nm in air. It is a decrease of only
15% with displacement values sufficient to study the mechanical response of a population of
biological cells under mechanical stimuli.
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Figure 4. Maximum displacement amplitudes for different modes in function of applied voltage.

Table 1 sums up the results obtained by electromechanical characterization and FEM model.
It is important to know that the resonant frequency of the first mode is mainly affected by the smaller
dimension of the vibrating surface which corresponds to the larger side of the plate in our system.
That is why the disagreement between simulation and measurement for the first mode (Table 1) is
attributed to an imperfect clamping along the larger side of the plate in the packaging.

Table 1. Displacement amplitudes, quality factors and comparison of the resonant frequencies.

Environment Air Liquid
Displacement . . Displacement . .
Method amplitudes Quality Experimental FEM Relative amplitudes Quality Experimental FEM Relative
factor error - factor error
@20 Vrms @20 Vrms
1st mode 146 nm 22 5.47 kHz 69 20% 48 nm 13 3.75 kHz 53 31%
kHz kHz
Lamb mode: 99.5 o 80 o
6 nodes 12 nm 20 98.92 kHz KHz 0.6% 7.3 nm 18 76.50 kHz KHz 4.4%
Lamb mode: 145.7 o 121 o
8 nodes 6.4 nm 30 144.7 kHz KHz 0.7% 5.4 nm 33 121.4 kHz KHz 0.3%

4. Conclusions

A lab on chip system based on a thin film AIN actuated vibrating plate was presented. Resonant
modes, frequencies and displacement amplitudes of the packaged glass plate were studied under
different conditions. This calibration step of our system paves the way for an easy to use system able
to apply and control mechanical stimuli to biological cells.
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