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Abstract— This paper proposes a passive disposable planar
microwave resonator sensor for real-time monitoring of lubricant
depletion on lubricant-infused surfaces. These surface coatings
offer a state-of-the-art solution to minimize the complications
associated with medical implants caused by non-specific adhesion
of blood components and bacteria. The stability of the lubricant
layer determines the function of the lubricant-infused coating.
It is an essential factor that needs to be considered when
applying these coatings on medical implants. The proposed
passive split-ring resonator (SRR)-based sensor introduces the
real-time monitoring of the thickness and evaporation rate of the
lubricant layer. The performance and sensitivity of the sensor
have been verified in simulation and measurement. The design is
capable of monitoring lubricant presence in porous and no-porous
surfaces. Additionally, using this SRR-based sensor, the drastic
depletion zones on the surface can be detected.

Keywords — Microwave sensors, lubricant-infused surface,
split-ring resonators, non-specific adhesion, disposable sensor.

I. INTRODUCTION

Device-associated clot formation and bacteria adhesion are
ongoing problems with medical implants and pose a significant
burden on the healthcare system. Lubricant-infused surfaces
(LIS) have recently gained attention as a promising surface
coating to prevent non-specific adhesion on bio-interfaces
and medical implants [1]. LIS can repel biological liquids
through the presence of a thin lubricant layer integrated within
a solid substrate, creating a mobile super-repellent liquid
interface. The stability of the lubricant layer under different
conditions (e.g., open-air conditions) and when using different
solid substrates (e.g., non-porous and porous substrates) is an
important factor that affects the function of the coating and
needs to be considered [2]. Several approaches have been
used to measure the evaporation rate of the lubricant layer,
including measuring the volume of the lubricant before and
after predetermined time points [3], measuring the contact
angle of a water droplet on the surface over time [4], [5],
and microscopic techniques [6]. However, these approaches
suffer from limitations such as requiring bulky and expensive
systems and lacking real-time monitoring features. Therefore,
designing a real-time, compact sensor-based technology that
measures the evaporation rate of the lubricant layer on
surfaces could be highly beneficial. Microwave sensors
offer a solid, robust solution for wireless and noncontact
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Fig. 1. The schematic of lubricant evaporation monitoring on the surface using
microwave sensor and lumped-element equivalent circuit. The setup consists
of a microwave reader, tag resonator, and lubricant-infused surface.

sensing applications. A planar split-ring resonator (SRR)-based
structures are among the most interesting structures for
sensing applications due to their compact structure, simple
mass production of the design, and easy integration with
Lab-on-a-chip technologies [7]. SRR sensors have shown great
enabling potential in various applications, such as biomedicine
and biochemistry [8]. More importantly, their noncontact and
real-time detection capability makes them a suitable candidate
for blood-contacting medical applications.

Here, a sensor-based approach is proposed for real-time
monitoring of lubricant evaporation on lubricant-infused
surfaces using coupled split-ring resonator sensor. The design
consists of a tag SRR as the main sensing interface coupled
to a planar reader [7]. The tag resonator is combined
with the surface under the test as a disposable monitoring
device while communicating the lubricant evaporation on
the LIS to the wireless reader. This microwave sensing
approach offers an inexpensive, portable, quantitative, and
highly sensitive solution for precise measurement of the
presence of the lubricant layer. Flat (non-porous) and porous
hydrogel substrates were tested to investigate the differences in
the lubricant evaporation rate. Section II presents the sensor
design process and simulation, and the measurement results
are described in Section III.
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Fig. 2. Schematic of the sensor setup, the absolute value of resonance

frequency shift for two different Lubricant-infused surfaces with the same
er changes.

II. SENSOR DESIGN AND SIMULATION

Fig. 1 summarizes the proposed idea and its equivalent
circuit model. As shown in Fig. 1, the tag resonator is coupled
to a microwave planar reader with the full ground plane on the
bottom to maximize the electromagnetic coupling. The tag is
integrated with a container that is a lubricant-infused surface
(e.g., a flat non-porous petri dish) and wirelessly communicates
the lubricant evaporation trend to the reader. Separating the
tag from the same plane as the 2-port planar reader empowers
this structure to be used as a disposable monitoring device for
surface monitoring applications. The strong coupling between
the tag and the reader enables the proposed design to be highly
sensitive and detect variations in ultra-thin layers of lubricants
on the surface.

Moreover, when the lubricant starts to evaporate, it does
not evaporate uniformly on the surface [9] and has faster
evaporation rates in some areas. This phenomenon creates
random circular zones on the lubricated surface. As a result,
the proposed sensor offers a uniform sensing hotspot region
to monitor the evaporation and detect the zoning effect [9].

For a better understanding of the sensor behavior, a brief
circuit model is reported in Fig. 1. When the lubricant starts
to evaporate, the effective permittivity in the tag resonator
ambient changes. The tag is modeled with a parallel RLCr,
and (') is a variable capacitor to include the surface under the
test, which depends on the lubricant volume on the surface.
As a result, the total capacitors on the gap, C = Cr||Cyy,
will change, which creates a frequency shift in the resonance
frequency f, of the tag [10]:

fr=—7= ey

Since This correlation connects the lubricant evaporation
process to the f, shift through the changes in Cj;,Af, is

Fig. 3.

(a) Fabricated tag and microwave planar reader, (b) porous
lubricant-infused surface, (c) non-porous lubricant-infused surface.

defined as the sensitivity. Assuming the lubricant evaporation
in ¢ (sec) and ty(sec) (tg > t1)

1 1
VLCn2  VLCu

where f.1 and Cj;q are the resonance frequency and the
material capacitance at ¢; and f.o and Cj;2 are the resonance
frequency and the material capacitance at 5.

Fig. 2 presents the setup and the simulation results for
A f, versus Ae,. to demonstrate the sensitivity of the proposed
design to the sample variation in two different scenarios. In
scenario one, the permittivity of the LIS layer in the simulation
is changed from 1.53 to 2.6 and in the second scenario, it
changed from 1.97 to 2.98. In both cases, the A ¢, are the
same. However, the higher initial ¢, in the second scenario
results in a larger smaller final A f,.

Af:|fr2_fr1||% (2)

III. MEASUREMENT RESULTS AND ANALYSIS

Fig. 3(a) shows the fabricated sensor for evaporation
monitoring; This sensor consists of a microwave reader with
a ground plane and circular tag resonator. Fig. 3(b) and
(c), two different lubricant-infused surfaces were tested. The
first surface used a polystyrene petri dish that was first
plasma treated with oxygen plasma to produce hydroxyl
groups on the surface and then silanized with Trichloro
(1H,1H,2H,2H-perfluorooctyl) silane (TPFS). The second
surface was a dried porous bacterial nanocellulose membrane
(Hydrogel) silanized with TPFS. A fluorocarbon lubricant,
perfluorodecalin, was added to the two different substrates
immediately before initiating measurements.

Fig. 4(a) demonstrates the measurement setup for
monitoring the lubricant evaporation from the LIS. The setup
includes the reader circuit and a passive sensing tag combined
with the LIS. Since there is no practical approach available
to measure the evaporation rate of lubricant on surfaces,
proposing an inexpensive disposable sensing approach that
enables monitoring evaporation in real time is the primary
goal of this work. The LIS container has been selected to
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Fig. 4. Experimental setup for monitoring lubricant evaporation monitoring
from LIS. The sensing platform consists of the integrated tag-LIS container,
microwave reader, a Vector Network Analyzer, and a data acquisition system.

cover the ring resonator tag fully. So the sample entirely
overlaps with the sensing hotspot of the structure and
also detects the depletion zones on the LIS in case of
occurring. The M5065 Vector Network Analyzer (VNA) from
Copper Mountain Technologies has been used to perform
frequency measurements. LabVIEW software has been used
for time-based data acquisition.

Fig. 5 displays the absolute value of resonance frequency
shift during the time as a result of lubricant evaporation on both
porous and non-porous samples. Due to the rapid lubricant
evaporation, the frequency response is recorded every minute
for 30 minutes until the lubricant was fully evaporated. After
full evaporation, the frequency response shows about a 1600
kHz shift in resonance frequency for the surface without the
hydrogel and about 1400 kHz frequency shift for the surface
with the hydrogel. As mentioned earlier in Fig. 2, the presence
of the hydrogel layer creates larger initial €, values, resulting
in a lower variation slope and more minor A f,. frequency shift
compared to the flat non-porous petri dish samples. Since, a
lower final shift is expected for hydrogel-incorporated LIS.

Different phases of evaporation are shown in Fig. 5. In
the first stage, the frequency change increases very quickly
as the excess lubricant on the surface evaporates. In both
samples, the same volume (200 micro-liters) of lubricant was
added; however, as the hydrogel is porous, more lubricant was
absorbed, resulting in a lower amount of excess lubricant.

Once the lubricant layer thickness is equal to the thickness
of the silane coating, the change in frequency becomes close to
zero as the evaporation occurs much slower, and the lubricant
becomes more stable due to van der Waals forces between the
fluorine groups on TPES and the lubricant layer. This thickness
can be expressed as the critical lubricant thickness. The time
to critical lubricant thickness was determined to be 10 minutes
for the silanized flat petri dish and 5 minutes for the silanized
hydrogel sample. A shorter time recorded for the hydrogel was
due to higher lubricant absorption and less excess lubricant
present on the hydrogel surface.

At this point, certain surface areas start to lose their
repellency capability as the underlying substrate becomes
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Fig. 5. Variation of IA f,| over time with different phases of evaporation for
porous and non-porous LIS.

exposed, creating a pinning point. This was verified with water
droplet sliding tests. Once the lubricant is evaporated enough
that the underlying solid substrate across the entire surface
is exposed, the change in frequency starts to change quickly
again. This can be expressed as a time to lubricant depletion,
which was determined to be 17 minutes for the silanized petri
dish, and 22 minutes for the silanized hydrogel. This time
in both cases happens before the lubricant depletion zones
occur on the exposed LIS of the tag resonator, which results
in the jump in the frequency shift. This determines the critical
time that the lubricant thickness is insufficient. As a result, the
proposed system introduces a real-time method for lubricant
effectiveness evaluation. The time to depletion was longer for
the hydrogel substrate due to the porous nature giving rise to
capillary forces holding the lubricant within the pores. The
final plateau in the Figure represents a non-lubricated surface.

During the microwave sensing measurement, a water
droplet sliding test was performed as a secondary test to verify
the presence of the lubricant layer. LIS shows low water sliding
angles in the presence of an intact lubricant layer. However,
when the lubricant layer is depleted, the water droplets lose
their mobility and pin on the surface. Therefore, the water
droplet sliding is a verification that the LIS is still functioning
and in a non-adhesive state (Fig. 5(b) and (c)).

IV. CONCLUSION

Here, for the first time, a disposable microwave noncontact
sensing platform is reported that effectively monitors the
depletion of the lubricant layer over time and determines
the critical lubricant thickness required for the function of
a LIS. Since the evaporation of the lubricant changes the
effective permittivity of the surface under the test, this
variation is reflected in the recorded frequency response.
The proposed design has successfully tested for monitoring
evaporation in porous and non-porous LIS. It can determine
the depletion trend as well as the critical depletion time, which
is LIS-specific. The proposed sensor in this work is highly
sensitive towards different evaporation trends that could be
observed on LIS with varying lubricant retention properties
and independent of surface type.
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