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Mechanically flexible viscosity sensor for real-time
monitoring of tubular architectures for
industrial applications
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Real-time monitoring of fluid viscosities in tubular systems is essential for indus-
tries transporting fluid media. The available real-time viscometers for tubular
systems have major drawbacks, such as using invasive methods with large pres-
sure drops due to flow disturbances, destructive installation processes with
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permanent tube damage, and limited operability with laminar flows. Therefore,
developing a viscometer to address the above-mentioned concerns is required for
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Berkeley, California, USA industrial applications. In this study, a new application of a velocity-dependent
viscometer using a novel design for real-time measurements with insignificant
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flow disruption is proposed. It involves a Poly (methyl-methacrylate) microchan-
nel bridge with a microfluidic flowmeter attached to a mechanically flexible
Polydimethylsiloxane platform connected to the inner surface of the pipe, which
can adapt to different pipe diameters and curvatures. Moreover, the proposed
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for measurement without requiring a pumping system or any sample with-
drawals. The results of the simulation analysis match the experimental results
of the sensor performance. The sensor can measure different viscosities in
the range of 4-334 mPas with a resolution higher than 2.7 mPas. Finally, a
stand-alone system is integrated with the sensor for wireless data transmission.
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1 | INTRODUCTION

Monitoring of fluids’ viscosities is essential for industries engaged in transporting fluids in tubular systems such as pipes.
It is crucial to plan the pumping systems and select the required initial pressure to transfer fluids from one location
to another.> Moreover, viscosity analysis is employed to ensure product consistency as a quality indicator within the
industrial production process, such as in petrochemical,>> polymers,5® and food industries.®!! Capillary methods,!*!3
falling-object methods, !> vibrational,'6-18 optical’®-?! and torque detection are various known and reliable techniques for
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measuring the viscosity using an off-line workstation setup.?2->* The conventional approach for the viscosity measurement
procedures in industries starts with on-site sample collection, followed by laboratory analysis, and, sometimes, requiring
sample preparation before examination; it ends with sending the results’ report to the site for decision-making.?> However,
this is a time-consuming and inefficient process for the rapid industrial growth with their increasing demands. Therefore,
reliable real-time viscosity sensors for tubular systems are desirable for industries to allow adequate production controls
and reduce costs through accurate decisions, decreasing production errors, and lower fluid wastes.

Numerous viscometers have been developed for real-time monitoring in tubular systems.?® The available viscos-
ity sensors for this purpose are classified into three categories according to their operating principles, vibrational,?7-28
rotational,?®3° and change in fluid velocity-based measurement sensors.3"** The vibrational and rotational viscometers
are large and rigid instruments that interfere with the liquids in the tubular systems and disturb the fluid flow creating
a pressure drop and subsequent energy loss. In addition, some of them are destructive techniques that require access to
the fluid through the pipe, causing a permanent damage to the pipe. The viscometer based on the change in fluid veloc-
ity or pressure drop is a simple and inexpensive measurement apparatus based on the Hagen-Poiseuille law.3435 It can be
based on a non-invasive and non-destructive method by selecting the appropriate flowmeters to measure the change in
the velocity profile, such as using probes (for example, ultrasonic and electromagnetic sensors6-3%) attached to the outer
surface of the pipe. However, the main drawback of this technology is that its operation is restricted to the laminar flow
condition.?®* Hence, there is still a demand for developing reliable in-line viscometers to meet the industrial needs.

On the other hand, real-time viscometers have been robustly established and well developed for microfluidic
monitoring applications. Microelectromechanical systems (MEMS),**#3 micro-resonators,**> and fluid velocity-based
measurements are common types of real-time microfluidic viscometers.**#” These sensors are particularly optimized
for microfluidic applications, where the MEMS and micro-resonators are suitable when low volumes of fluid are used.
Optical measurements require transparent materials. The fluid velocity-based viscometers, known as micro-capillary vis-
cometers, are limited to laminar flows, where such conditions are assured in microfluidic applications due to the small
cross-sectional area of the microchannels.*® In micro-capillary viscometers, the fluid velocity is determined using the time
recorded for the fluid to pass from point to another in identified channel dimensions with the help of microscopic video
recording devices or optical sensors.*>*® The fluid flow rate is obtained based on the pressure drop approach using either
micro-pressure sensors as MEMS or capacitive sensors distributed along the channel.>!-53 Near real-time viscosity results
have been provided by such micro-viscometers utilized for industrial on-site analyses supported by a pumping system,
such as the commercial handheld product viscosity-rheometer-on-chip, to test manually withdrawn fluid samples.>*

In this paper, we present a new utilization method of the microfluidic viscometer for real-time monitoring of flu-
ids in tube systems. A fluid velocity-based viscometer supported with capacitive pressure sensors distributed along the
microchannel is used here. We demonstrate a novel sensor design to overcome the main discussed challenges regarding
the real-time monitoring of fluid viscosities in the tube systems. The design involves constructing a microchannel bridge
on a mechanically flexible platform attached to the internal tube wall. The physically flexible platform adopts the inner
tube surface to match the variations of the pipes’ diameters and the different structures’ curvatures as well as to provide
low flow disturbance and pressure drop using a small depth value of the device. The proposed viscometer is developed
with low-cost materials and fabrication processes to make it affordable. The microchannel bridge uses the fluid flow of the
tube to drive a small fluid volume into the microfluidic channel, as a continuous flow, for viscosity measurements with-
out requiring any external pump or withdrawn samples from the system. The flow rate inside the microchannel depends
on the pipe fluid viscosity. We focused our study assuming incompressible Newtonian fluids. Results showed that the
numerical analysis agreed with the experimental work, and moreover, the fluid viscosity is inversely proportional to the
microchannel flow rate that can be translated into a change in the pressure or measured capacitance.

2 | MATERIALS AND STRUCTURAL DESIGN

Figure 1 demonstrates the materials used and structural design of the viscometer, which consists of a microchannel
attached to the internal tube wall to monitor the viscosity of the fluid using a microfluidic flow sensor installed in the
microchannel. The viscometer design is developed using a Poly (methyl-methacrylate) (PMMA) bridge that is positioned
on a physically flexible platform to form the microchannel. PMMA was selected as it is a mechanically solid material that
ensures constant channel dimensions by resisting channel deformations even under various applied pressures resulting
from the surrounding liquid environment. The design of the microchannel ensures the laminar flow of fluid inside it,
regardless of the flow type in the tube system, by providing a small hydraulic diameter (D) and decreasing the Reynolds
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FIGURE 1 The materials used and structural design of the viscometer. (A) The sensor layers consist of three layers of PDMS and a
microchannel bridge. (B) A physically flexible platform is developed with embedded capacitive pressure sensors. (C) The final form of the
viscometer sensor with attached solid PMMA microchannel bridge to the physically flexible platform. (D) The sensor is anchored to the
internal wall of a pipe to start monitoring the fluid viscosity in real-time

number. Equation (1) expresses the Reynolds number, where p is the fluid density, v is the average velocity, and y is the

dynamic viscosity.
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The laminar flow is a mandatory condition for operating the viscometer that depends on the fluid velocity. Poly-
dimethylsiloxane (PDMS) was chosen here as a flexible platform material because it provides a high flexibility and has
earlier proven to be successful in microfluidic applications due to its excellent chemical and physical properties.>> The
PDMS platform uses the capacitive pressure sensors located below the microchannel as microfluidic flowmeters for the
channel. The high flexibility of PDMS allows the platform to adopt different diameters of tubes and curved architectures
when it is attached to the inner tube wall for viscosity measurements without the need for adjusting or re-calibrating the
device. The sensor design has a moving-free structure built with long-lasting and low-cost materials including PMMA,
PDMS, and copper for ensuring the device durability and affordability.

3 | OPERATING PRINCIPLE

The operating principle of the proposed viscosity sensor depends on the monitoring of the variation in flow rate according
to the change in the fluid viscosity. Particularly, the fluid viscosity (u) in the tubular system is inversely proportional to the
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microfluid flow rate (Q) in the microchannel. Equation (2) expresses the relationship between the viscosity and flow rate
using the Hagen-Poiseuille law for laminar flow. The equation is defined for channels with a rectangular cross-section,
where w is the channel width, h is the channel depth, and AP is the pressure difference between two points separated by
a distance L.

AP w? h?

R = Lwrh

()

The fluid flow rate is the main detecting method for the fluid viscosity of the proposed sensor. At a constant flow
rate of the pipe system, viscous fluids have lower flow rates inside the microfluidic channel than thin liquids, where it
requires a higher pushing force or larger pressure difference to drag the liquid inside the microchannel. The change in
the microfluidic flow rate is measured by the capacitive pressure sensors in the microchannel, where the total pressure
(Protal) comprises the dynamic (Ppynamic) and the static (Psaric) pressures, as shown in Equation (3). The dynamic pressure
is proportional to the square of the flow rate, as shown in Equation (4). In contrast, the static pressure depends on the
fluid depth and density; thus, it has a smaller value as only a micro-depth of the channel is utilized. In Equation (4), p is
the fluid density, & is the channel depth, g is the gravity acceleration, and A is the cross-sectional area of the channel. The
measured capacitance and the absolute pressure are proportionally related as recognized from the capacitive pressure
sensors.”® Therefore, a change in the fluid viscosity is inversely proportional to the capacitance measurements due to the
variation in the fluid flow rate.

Protal = Pstatic + PDynamic (3)

1 Q?

PTotal=Phg+_2 a2 4

4 | NUMERICAL SIMULATION

The operating principle and the effect of the microchannel depth were studied for the designed viscometer using a
numerical simulation performed on a commercially available tool COMSOL. The analytical simulation was performed
to understand the importance of the microchannel, to consider the effect of its depth on the device performance, to
ensure fully developed flow conditions inside the microchannel, and, most importantly to understand the relation-
ship between the fluid viscosity in the tubular system and flow rate in the microchannel. In the analysis, the fluid
flow dynamics inside the 3-dimensional (3D) sensor system was replicated based on the Navier-Stokes equation of
laminar flow.

We analyzed the pressure behavior in case of tubes 30 cm long but having different diameters and for a variety of
fluid viscosities at a fixed flow rate equal to 2000 mL/min in the absence of a microchannel. The pressure measurements
were recorded at a fixed individual point located at the base and in the middle of the tube length. Figure 2A shows the
variation of the pipe diameter with different viscosity ranges and its effect on the pressure at the selected position. Each
tube diameter has a different trend of performance with viscosity and diverse pressure ranges because the static pressure
increases with pipe depth. Therefore, using a microchannel in a tube provides a uniform pressure range and behavior
with viscosities depending on the microchannel flow rate and its constant depth.

In contrast, Figure 2B demonstrates the effect of the microchannel depth on the viscosity sensor performance at a
measured point located at the center of the microchannel base. In the simulation, the microchannel was connected to the
internal wall of a 4 cm diameter pipe with a fixed flow rate inside the pipe. The results show a consistent viscometer sen-
sor performance for different microchannel depths with a dramatic decrease in the measured pressure when fluids with
different viscosities are used. At higher fluid viscosities, the driven fluid in the microchannel as well as the absolute pres-
sure decreases with dynamic pressure dominating the static pressure. At high viscosities, the flow rate and the dynamic
pressure become too low, which allows the static pressure to develop particularly for the deeper channels, as shown for
the 450 pm depth. Figure 3 proves the previous interpretation to be true by describing the absolute pressure at the same
conditions using a 250 pm deep channel. The total pressure is almost equal to the dynamic pressure; hence, the static
measurements are negligible compared to the dynamic measurements. Moreover, the dynamic pressure behavior follows
the trend of the microchannel flowrate as expected.
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FIGURE 2 Study the depth effect on the viscometer performance. (A) Without using a microchannel, the pressure behavior and its
range are highly influenced by tube depths. (B) The microchannel provides a uniform response and ensures smooth pressure transitions in
the viscosity sensor

FIGURE 3 Analyze the pressure components at a point
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5 | FABRICATION PROCESS

The viscometer was fabricated using a lithography-free process to make it inexpensive. The flow sensor consists of two
main parts: the PMMA microchannel bridge and the mechanically flexible PDMS platform installed with embedded
capacitive pressure sensors. The flexible platform was fabricated utilizing three treated PDMS layers; each layer is 500 pm
thick. The first and last layers were sputtered with 200 nm of copper to form the lower and upper conductive plates of
the capacitance sensors, respectively. Kapton tape patterned with a CO, laser to create 3 mm wide squares was used
as a shadow mask as the capacitance active area. The PDMS surface was treated with oxygen plasma to convert the
hydrophobic surface to hydrophilic by increasing the surface roughness and improving the metal adhesion on the sur-
face before sputtering with copper. The second and the middle layer was patterned with the CO, laser crossing through
the entire depth of the PDMS layer to form 3 mm wide square trenches as a cavity for the dielectric of the capacitance
sensors. Then, the three developed PDMS layers were arranged in order and combined to form the platform by the oxy-
gen plasma bonding technique. The surfaces of the layers were exposed to oxygen plasma for 60 seconds, followed by
direct contact between the surfaces, and subsequently 60 seconds of platform baking at 80°C as a bond enhancement
procedure. The copper electrodes were bonded to flexible wires using a silver paste. After that, the platform was packed
with a PDMS layer to protect the connections and the copper electrodes as well as to affix the positions of the layers and
prevent air leaking. Figure 4A illustrates the final form of the fabricated PDMS platform with the embedded capacitive
Sensors.
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C FIGURE 4 The
( ) fabrication process for the
viscometer. (A) The
mechanically flexible PDMS
platform with the embedded
capacitive sensors. (B) Attaching
the PMMA microchannel bridge
on the PDMS platform. (C)
Attached the viscometer to the
internal PVC pipe walls

The microchannel bridge was fabricated using a 1 mm thick PMMA sheet, which was patterned using the CO, laser
to form a microchannel bridge with a 3 mm wide and 60 mm long rectangular trench having a 250 pm depth. Then, the
microchannel bridge was attached to the prepared flexible platform using the oxygen plasma bonding technique, as shown
in Figure 4B. The device was repackaged with a thin PDMS coat to ensure proper bonding and secure the microchannel
position on the platform while preventing the clogging of the channel inlet and outlet.

A laboratory pipe setup was constructed using a transparent polyvinyl chloride (PVC) pipe having a 3.8 cm inner
diameter and a 60 cm total length of the system. The pipe system was well encapsulated with caps and fastened with epoxy
glue. The pipe inlet and outlet were connected to the pump tubing having a 6.4 mm internal diameter. The viscometer
was installed on the interior wall of the tube using Kapton tape with Silicone adhesive before building the setup. The
sensor was placed at a distance of 15 cm as the calculated hydrodynamic entrance depends on the length-to-step height
ratio of the inlet of the liquid. Figure 4C shows the viscometer attached to the internal walls of the PVC pipe system. A
pipe having a 4 cm outer diameter was selected for the laboratory characterization suitable for small pipe diameters for
demonstrating the mechanical flexibility of the device and using it to minimize the fluid volume for the testing samples.
However, it is also compatible with larger pipe diameters as the mechanically flexible platform flattens when a larger
bending radius is used.

5.1 | Characterization and results

Figure 5 displays the characterization setup for the real-time monitoring of fluid viscosity in the pipe system. A pump
controller (Catalyst FH100DX Pump) was used to drive the fluid from the fluid reservoir to the pipe system at a steady
flow of 2000 mL/min. The sensor was tested with diverse fluid viscosities. Volume-diluted glycerol solutions and lubricant
oils with international standards organization viscosity grade (ISO VG) were used to characterize the sensor at different
viscosities with pre-known values. Two liters of the liquid samples were used for each viscosity test, which could fill the
pipe and pumping tubes and leave some liquid in the reservoir for pumping. Each fluid’s characterization was done sep-
arately to prevent liquid waste by filling the pipe with a fluid sample to run the test. The pipe system was then drained
from the liquid, refilled with a new fluid sample, and stored the previously used fluid for later usage. The capacitance was
measured with Keithley for each running fluid, and a switch was used to allow altering between different capacitor sen-
sors. The AC/Co value was calculated for the measured capacitance to investigate the change in capacitance in response
to the difference in the microfluidic flow rate due to the change in the fluid viscosity. Here, C and Co are the capacitance
values with and without the applied pressure, respectively.

Figure 6 presents the viscometer characterization results for a capacitor sensor located at the center of the microchan-
nel base. A resolution higher than 2.7 mPas for a wide of viscosity range from 4 to 334 mPas is seen. The results for the
diluted glycerol solutions and the lubricant oils show similar and repeatable behaviors. The capacitance pressure sensor
represents the microchannel flow rate that is inversely related to the fluid viscosity, as the numerical simulation claims.



NOUR ET AL. 7 of 11
WI LEY—I—
g J—a -
v

Attached sensor

l Switch

Pump & flow
Controller

Fluid samples with «
— o different viscosities
Keithley 2400A-SCS

W N— N—

Fluid sample

FIGURE 5 Viscometer characterization setup for real-time monitoring of fluid in a pipe system
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The change in the capacitance value is interpreted to the dynamic viscosity as expressed in Equation (5). It is based on

the power fitting curve function of the plotted data, where C is the capacitance value in pF, and y is the dynamic viscosity
inmPas.

1
C =6.828 o0 (5)

Highly viscous fluids exhibit lower forces to drive the fluids into the microchannel at a steady pipe flow, thereby
causing a decrease in the microfluidic flowrate that is translated into a reduction in the capacitive measurements. The
results show a sensitivity of upto 4.18 pF/pF, which is equivalent to 88 Pa for each 1 Pas change in the fluid viscosity
ranging from 0 to 50 mPas. The calibration method of the capacitive sensor with pressure is shown in Supplementary
Figure 1. The capacitive pressure sensors were characterized using Keithley at different water depths.

The sensor was further integrated with commercially purchased electronic devices to create a standalone functional
system installed inside the pipe, as illustrated in Figure 7A,B. Bluetooth low energy (BLE) enabled programmable system
on chip (PSoC) was chosen as the central electronic interface procured from Cypress. It contains an internal capacitance
to digital convertor (CDC) to connect the three capacitive sensors to the electronic interface without the need for addi-
tional integrated circuits (ICs) or passive components, as shown in the Supplementary Figure 2a. The raw CDC values
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FIGURE 7 Stand-alone system for real-time measurements using a wireless data transfer. (A) Illustration of the system application for
continuous tracking of the viscosities transformation of the fluids. (B) The electronic interface includes a BLE that enabled the PSoC chip and
a coin battery power supply. (C) The output response against time for the pressure sensor at the top, (D) middle, and (E) bottom. The y-axis
shows the output response from BLE PSoC in a raw capacitive to digital convertor values

can be converted into a capacitance unit using the calibration plot shown in the Supplementary Figure 2b. The calibra-
tion graph was generated using different commercial capacitors and measured using the chip. Furthermore, the PSoC
has the built-in BLE functionality to enable wireless data transmission through the pipe. The system was powered using
a coin cell battery due to the advantage of the low power consumption of the chip. The complete electronic interface was
connected to the sensors and packaged via PDMS for insulation. For the plastic pipe having 4 cm diameter and filled with
fluid, the BLE can easily communicate with any device in a 10 m range, where a 50 m field is unobstructed. A test was per-
formed with the sensor connected to the electronic interface, and the sensor was submerged in water upto depth of 50 cm
(Supplementary Video 1). The real-time data measured by the three sensors were sent to the smartphone shown in the
video. The plots of the experimental data obtained from the three sensors are shown in Figure 7C-E. However, an alterna-
tive wireless data transmission technology is needed for metal tube systems or pipes with diameters larger than the tested
range.

6 | CONCLUSION

In summary, we have reported a new application method of a microfluidic viscometer that depends on the flow rate
change to allow real-time monitoring of fluids in pipe systems. The novel design of the device ensures a negligible pres-
sure drop or fluid disturbance compared to the bulky monitoring sensors due to the microchannel and the mechanically
flexible platform adaptable for different pipe diameters and surfaces. The microchannel ensures a laminar flow in the
sensing area regardless of the flow type in the pipe. Moreover, the bridge design for the microchannel ensures the fluid
driving force from the pipe to the microchannel without the need for a pumping system or manually withdrawn sam-
ples. In addition, the sensor was fabricated using low-cost materials and lithography-free procedures for affordability. The
numerical simulation shows the importance of using the microchannel for a predictable sensor behavior and provides a
bounded pressure range, regardless of the tube diameter and without the need for re-calibrating or modifying the sensor.
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The experimental results match those of the simulation analysis, where both show that at a constant pipe flow rate, the vis-
cosity is inversely related to the measured pressure due to the change in the microfluidic flow rate. The sensor was capable
of measuring different fluid viscosities over a wide range from 4 to 334 mPa s with a resolution higher than 2.7 mPas. A
stand-alone system was integrated with the sensor for real-time monitoring using wireless communication between the
viscometer and smartphone for a plastic pipe system filled with liquids and having upto 50 cm pipe diameters.
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