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ABSTRACT

We report on the design and operation of a world-to-chip microfluidic interface and experimental setup for fluidic micro- and nano-
electromechanical systems. The central component of the interface is an engineered polyether ether ketone connector that brings fluid samples
from a commercial syringe pump to the chip with the help of o-rings. In addition to that, the connector serves as an on-chip vacuum cham-
ber. To confirm the adequate operation of our interface, we use complex microfluidic devices that were previously fabricated, suspended
microchannel resonators, and demonstrate a fast exchange between fluids (on the scale of 130 s from isopropyl alcohol to water), in-vacuum
operation of the devices (intrinsic damping regime), and accurate temperature control of the chip at different set points.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5088946

I. INTRODUCTION

Micro- and nano-electromechanical systems (M/NEMS) are
continuously gaining interest in the academic and industrial com-
munities due to the outstanding capabilities they offer to fields
as diverse as telecommunications,’ biotechnology,l“% or consumer
electronics,’ among others.

An important issue to address with M/NEMS is the question of
the world-to-chip interface, the complexity of which depends closely
on the purpose the device serves. For example, MEMS in biological
applications require a fluidic network (often made of polydimethyl
siloxane, best known under its acronym PDMS) to bring analytes
to the detection site.” Mechanical resonators exhibit lower energy
losses if they are operated in a vacuum environment and hence show
an enhanced quality factor.” Every MEMS with electrical transduc-
tion needs appropriate electrical connections to transfer information
sensed at the device level to the outside world for monitoring.” Addi-
tionally, an accurate control of the temperature is needed for sensors
or oscillators. While implementing a single one of these require-
ments is rather easy, combining many of them in a comprehensive
setup requires a more complex engineering approach.

In this paper, we present a reversible, modular, o-ring-based
experimental platform for the operation of electrically transduced
fluidic M/NEMS operated in a vacuum environment. We start by
listing the different components of the interface, the central part of

which is a custom-made polyether ether ketone (PEEK) connector.
We then elaborate on the three characteristics of the interface that
we highlight as the most important, namely a fast exchange between
fluids, in-vacuum operation of the devices, and accurate temperature
control.

All the modules developed in this interface are successfully
tested with previously fabricated piezoelectrically transduced sus-
pended microchannel resonators (SMRs).*” SMRs are resonant
beams with embedded microfluidic channels and have been of great
interest in the field of biological applications to measure the den-
sity and viscosity of picoliter fluid samples,” to determine masses,
densities, and sizes of populations of nanoparticles and bacteria,' "'
and to monitor single-cell growth rates.” Due to their complex
characteristics, SMRs are demanding devices in terms of interface
and setup. For this reason, they firmly validate the operation of our
platform.

Il. WORLD-TO-CHIP INTERFACE

The complexity of SMRs set the diverse, intricate requirements
demanded for the optimal operation of their world-to-chip interface:
(i) The platform must ensure efficient fluid delivery to the
SMRs. (ii) Operation of the devices in a vacuum environment is
a key feature that allows us to reduce damping induced by the air
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surrounding the resonators, thus reaching higher quality factors.
(iii) The resonators need to be visually accessible for monitoring
purposes, i.e., checking for air bubbles or clogs in the fluidic chan-
nels and inspecting the cells and allow optical-based detection of the
SMRs motion with an external source (in our case a Laser Doppler
Vibrometer; Polytec, OFV-551). (iv) Temperature of the devices
must be kept as stable as possible to limit undesirable fluctuations
in resonance frequency. (v) The transduction electrode pads of the
chip must be accessible for external wire-bonding to a printed cir-
cuit board, PCB. The experimental platform we present in this paper
satisfies all the above-mentioned requirements; in addition, its mod-
ular approach allows its implementation in a wide range of MEMS
applications.

Figure 1 depicts an exploded rendering of the complete exper-
imental platform. Its central component is a custom-made connec-
tor in PEEK material (see Fig. 2). We manufacture the connector
with embedded channels that can be aligned to our chip microflu-
idic inlets. The fluidic path between the chip and the connector is
hermetically sealed by ethylene propylene diene monomer (EPDM)
rubber o-rings (Isoswiss, c.s. 0.50 mm, i.d. 0.90 mm). The connector
is designed with a pair of fluidic channels in parallel connected to
each SMR inlet. One channel is connected to an automated syringe
pump (CETONI GmbH, neMESYS low-pressure module) with
the help of polytetrafluoroethylene (PTFE) tubes (IDEX-HS, o.d.
1/16”, i.d. 0.02”) and microfluidic fittings and ferrules (IDEX-HS,
XP-206). The second channel is a by-pass channel and is either left
open or closed by an external valve. This configuration allows us
to quickly exchange the fluid flowing in the resonators, as we show
later.

We design the PEEK connector with a central cavity, allowing
for visual access to the resonators (both for microscope inspection
and for laser-based readout of the motion of the resonators). This
cavity also serves as an on-chip vacuum chamber: it is sealed towards
the front-side of the chip by using nitrile o-ring (A. Aubry, c.s. 1 mm,
i.d. 8 mm) that encloses the smaller microfluidic o-rings; it is sealed

PTFE vacuum tube

Microfluidic fitting —‘

PTFE fube \ 4 "_‘_‘___,....--- Quick connector
Microfluidic ferrule ————a ] 6 By-pass
L. wsll * channel
Microfluidic and

& -
vacuum o-rings “\D\ FPEEK connector

To vacuum pump
/"

SMR chip b —, To pressure sensor
Copper plate and syringe pump

To lock-in amplifier
Thermistor

To temperature
controller

Peltier module Holder

FIG. 1. Exploded rendering of the complete experimental platform and details
of a typical SMR chip used for the experiments. The chip has electrode pads
on the sides, a sensing window containing the resonators in the center, and
fluidic inlets and outlets around. The 3D STEP file of the 3D printed holder
is available elsewhere. [Associated dataset available at hitps://doi.org/10.5281/
zenodo.2605213).14
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7 l' \\\ By-pass channel

Delivery channel
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FIG. 2. Transparent schematic view of the manufactured PEEK connector, high-
lighting the purpose of by-pass channels. In purple: delivery channel connected
to the pressure sensor and the syringe pump. In red: by-pass channel allowing to
significantly lower the fluidic resistance of the platform when filling and exchanging
fluids. In dark blue: remaining volume to be pushed through the SMRs during filling
and exchanging fluids. In green: channel connected to the vacuum pump for oper-
ation in vacuum. The location of the vacuum and microfluidic o-rings is also shown.
The drawing, along with the 3D STEP file of the connector, is available elsewhere.
[Associated dataset available at https://doi.org/10.5281/zenodo.2605213]."

on the top by using a glass slide with epoxy glue (3M, DP100 Clear).
The vacuum in our cavity chamber is performed by connecting it to
a turbo pump (Pfeiffer, HiCube) using a PTFE tube attached with
quick connectors (Legris, 3101 06 19).

Temperature control is achieved by placing a custom-made
copper plate underneath the chip while a droplet of thermal paste
(Wakefield solutions) ensures good thermal conductivity. A ther-
mistor (US Sensor, PR103]J2) is inserted in the copper plate, in a
cavity filled with thermal paste, and detects the temperature inside
the plate. A Peltier module (Marlow Industries, RC3-4-01LS) is put
in direct contact underneath the plate. These two components are
connected to a thermoelectric temperature controller (Newport, ILX
Lightwave LDT-5910C TTC), which builds a proportional integral
derivative (PID) feedback loop to maintain constant the temper-
ature (with a stability below 5 mK over 5 min) detected by the
thermistor.

Finally, a PCB is attached in close contact to the chip and the
electrode tracks are wire-bonded for electrical transduction of the
devices.

Pictures of the assembled setup can be found in the supplemen-
tary material.

lll. RESULTS

In this section, we demonstrate the functionality of our plat-
form on three particular points: quick exchange of fluids, short
atmospheric to vacuum pump-down time, and control of the
temperature.

A. Exchange of fluids with by-pass channels

In the fluidic connector, the implementation of two channels in
parallel connected to the chip inlet allows quick exchange of fluids
in the devices. We first connect one channel to the syringe pump,
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FIG. 3. Fast exchange of fluids demonstrated in a 250-um-long SMR. A flow rate of
0 ul/min corresponds to manual operations (changing the syringe, flushing through
the by-pass, closing the valve), while a flow rate of 5 ul/min is applied to exchange
fluids in the SMRs. It takes only 85 s to replace air by IPA and 130 s to replace IPA
by water.

while the other is left open. As the liquid is pushed from the pump,
the enormous difference in fluidic resistance between the SMR chan-
nels (microscale diameter) and the by-pass channel (millimeter-scale
diameter) makes the whole fluid go through the open by-pass, fill-
ing the red volume in Fig. 2. Once the whole fluidic line is filled,
we close the by-pass channel, so that the remaining volume to be
pushed through the SMRs consists only of the dark blue volume in
Fig. 2. This configuration reduces the required time to exchange flu-
ids in the resonator from several hours to few minutes, as shown in
Fig. 3. We measure that exchanging air with isopropyl alcohol (IPA)
takes around 85 s, while replacing IPA with water takes around 130s.
For the experiments shown in Fig. 3, a zero flow-rate on the graph
corresponds to manual operations, such as opening/closing the by-
pass channel, exchanging the fluidic syringe, or filling the fluidic line.
When fluids are pushed through the SMRs, a flow-rate of 5 yl/min is
applied. A pressure sensor is installed between the syringe pump and
the delivery channel to monitor the pressure in the SMRs. A pressure
of 10 bars was maintained in the fluidic line for several hours and no
damage to the devices nor leakages were observed.

B. Vacuum-on-chip

As previously mentioned, the experimental setup enables in-
vacuum operation of our devices. The vacuum line from the con-
nector to the pump includes a pressure gauge (Pfeiffer, PKR251).
Nevertheless, that point is out of our custom-made vacuum cham-
ber, which is too small to hold a gauge. Indeed, the pressure sensor is
connected to the chamber via a PTFE tube of small inside diameter
(4 mm) that induces a high fluidic resistance. Therefore, the pressure
measured by the gauge does not accurately reflect the pressure in the
chamber.

In order to assess the vacuum level in the custom-made cham-
ber, we proceed with an indirect measurement of the pressure, using
the quality factor of our SMRs as pressure sensors. It is well known
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FIG. 4. Time needed to pump our custom-made vacuum chamber down. We notice
that intrinsic quality factors are reached with 250-um- and 500-um-long SMRs
within 2 min of pumping. It is a tremendous improvement over the use of the
commercial vacuum chamber, where a comparable level of vacuum is reached
inaround 3 h.

that the quality factor of resonators depends on the pressure and that
it saturates at low pressures.”'” We first measure the intrinsic quality
factors of 250-yum- and 500-g¢m-long SMRs at low pressure (below
10~ mbar) in a big commercial vacuum chamber (~5000 cm’ vol-
ume, ~1850 cm? surface area) where the pressure readings of the
gauge are accurate (see supplementary material). We then assem-
ble the characterized chip with our custom-made vacuum cham-
ber (~0.2 cm® volume, ~3 cm? surface area) and start the vacuum
pump. Figure 4 shows that intrinsic quality factors are reached in
less than 2 min of pumping. As a comparison, it takes around 3 h to
achieve the same results with the commercial chamber (much larger
in volume and surface area). During experiments, the pressure gauge
measures pressures as low as 107> mbar.

C. Temperature control

The resonance frequency of M/NEMS devices correlates with
their temperature.' In order not to be affected by temperature
fluctuations of the chip and thus make accurate measurements of
fluid samples flowing in the resonators, it is important to keep the
temperature as stable as possible.

As we have mentioned before, the PID controller we utilize
allows for a temperature stability of the thermistor below 5 mK (over
5 min). We can verify this by monitoring the resistance of the ther-
mistor over time as a direct measure of the temperature. Naturally,
this does not reflect the temperature of the SMR. Showing tempera-
ture stability of the SMR is actually rather difficult, because there is
no magnitude that can be easily used for that purpose.

Instead, we show that our setup is able to control and stabi-
lize the temperature of the chip at any set point between 25 °C and
50 °C (the maximum temperature we successfully and repeatedly
reach is 55 °C). To do that, we measure the resonance frequency
of SMR devices in a vacuum environment, with fluidic channels
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empty (filled with air) and filled with deionized (DI) water, as a func-
tion of temperature and we compare to an analytical model to show
excellent matching with the experimental results.

The temperature responsivity of the resonance frequency of a
cantilever SMR in vacuum is expressed by

f T = EﬁSiNx + — KSiNx ZOaSiNk t T —

19f(T) 1 1 1 3 11 0p(T)
2 1+y§ 2 2pp OT

1)
1 OE(T) . . >
where Bsinx = Ear 18 the temperature coefficient of the Young’s

modulus of the structural material (low-stress silicon nitride,
1s-SiNy) and asiny is the coefficient of thermal expansion of the solid.
ps and py are the densities of the solid and the fluid, respectively, and

y = :—; is the ratio of the cross-sectional areas of the solid and the

fluid.

When devices are empty (air inside the channels), the temper-
ature responsivity is constant over the studied range of tempera-
tures and has a negative sign, as can be seen in Fig. 5 (squares and
solid lines). This is due to the softening of the 1s-SiNy, expressed
by the term Bsiny in Eq. (1), which is the dominating effect in this
configuration, as has been reported before.'’

When the devices are filled with DI wéva(t’erzg, the variation of the
1 9y

density of the fluid with temperature, 5~ oT

inating term in Eq. (1): as the temperature increases, the density
of water decreases, resulting in a responsivity with a positive sign,
as shown in Fig. 5 (triangles and dashed lines). Table I summa-
rizes the responsivities for empty and filled devices. The model for
the filled devices was built taking the experimental values of the

, becomes the dom-

1200 ~ ‘%
| 250pm, empty i’:'
f—— 250pm, empty, linear fit ¥
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FIG. 5. Behavior of the resonance frequency of empty and filled 250-um- and
500-um-long SMRs with temperature. Empty data are represented by squares,
while filled measurements correspond to triangles. The behavior of empty devices
is well fitted by a linear function and thus shows a negative constant responsivity,
as predicted by the theory. Using the responsivities of empty devices and the the-
oretical densities of water, we modeled the behavior of filled devices and observed
good agreement with the data.
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TABLE I. Fitted temperature responsivities of empty and filled devices. The measure-
ments were taken with 250-um- and 500-zm-long SMRs, in a range of temperatures
between 25 °C and 50 °C.

Fitted responsivities (ppm/°C)

Device Empty Filled (DI water)

At25°C: 26.34
At30°C: 32.01
At40°C:43.36
At 50 °C: 54.70

250-ym-long SMR —12.94 + 0.09

At25°C:32.05
At30°C:36.19
At 40 °C: 44.47
At 50 °C: 52.76

500-pm-long SMR —14.84 £ 0.12

responsivities for the empty devices, the theoretical densities of
water, and the fitting parameter y. In Fig. 5, it is shown that the
measured shifts in frequency agree well with the theory (y = 0.7),
indicating that our temperature control works adequately.

IV. CONCLUSION

In this paper, we introduce a novel experimental platform for
M/NEMS. It is devised and designed to satisfy the requirements for
the characterization of suspended microchannel resonators and, as
such, it combines fluidic delivery, fast exchange of fluids, vacuum-
on-chip, optical access to the devices, temperature control, and elec-
trical connection. Nevertheless, the modular approach of the setup
allows us to use it in different configurations.

In order to demonstrate the potential of our platform, we mon-
itor the time needed for exchanging fluids in the device and found
periods in the order of 100 s. Additionally, we characterize the level
of vacuum in the custom-made chamber, and we determine that
intrinsic quality factors (pressure below 0.01 mbar) can be reached
within less than 2 min. Finally, we show good control of the temper-
ature of the chip, and the temperature responsivity of the devices,
both empty and filled, is measured in a range between 25 °C and
50 °C, with the results matching closely the behavior predicted by
the theory.

As a conclusion, we believe that the solution introduced in this
paper can be useful not only for SMRs but also for the study of many
different MEMS and NEMS devices.

SUPPLEMENTARY MATERIAL

See supplementary material for more details on the characteri-
zation of the vacuum on chip and the experimental setup.
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