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Abstract: Flow sensors are essential for a variety of applications in fluidic industries. This paper
proposes a liquid flow sensor using a microfluidic channel for macrotubular architectures. The sen-
sor comprised a firm PMMA microfluidic channel bridge on a mechanically flexible PDMS platform
installed on the inner wall of tubular systems. The flexible platform was compatible with various
tubular architectures and adopted curvatures. In addition, the microscale fluidic channel surpassed
the primary disadvantages of common bulky and rigid flowmeters that cause flow streams disturb-
ance and significant pressure drops in tubular systems. Moreover, the microchannel flow sensor is
based on detecting the dominated dynamic pressure generated from the fluid velocity inside the
microchannel since the tube flow rate is proportional to the flow velocity inside the channel. The
pressure sensors for the microchannel flowmeter displayed a sensitivity of 10 pF/kPa and were fab-
ricated inside the PDMS platform. In particular, the pressure was measured using a capacitive pres-
sure sensor owing to its compatibility with flexible electronics and low power consumption. The
capacitive pressure sensor inside the microchannel measure the flowrate based on the force gener-
ated on the internal walls from the fluid flow velocity inside the channel. Furthermore, the flow
sensor behavior was studied for the overall tubular system and validated using a simulation model
for volume flow rate ranging from 500-2000 mL/min.
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1. Introduction

The growth of fluidic industries has introduced various types of flow-rate sensing
techniques for tubular systems. However, the available types of flow sensors are bulky,
rigid, and incompatible with the curvature of tubular architectures. Therefore, they sig-
nificantly interrupt the fluid velocity, causing permanent and notable pressure drops [1],
except for non-invasive flowmeters such as ultrasonic and electromagnetic sensors that
are attached onto the outside wall of a pipe. Although various types of pipe flowmeters
are available, the development and improvement of flow sensors is required. One of the
methods for resolving the abovementioned issues involve the utilization of microsensors
in tubular systems. In the past decades, robust microfluidic flow sensors have been devel-
oped for measuring flow rates in small volumes, such as in biomedical and analytical
chemistry applications [2,3]. Moreover, the use of microfabrication sensors provides sev-
eral advantages such as increasing reliability, performance, functionality, and lowering
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the cost by reducing device dimensions [4]. Therefore, utilizing the advantages of micro-
fluidic sensors in tubular systems can surpass the main challenges of the existing flow
sensors. In this study, we introduce a novel liquid volumetric flowmeter for macrotubular
systems.

2. Materials and Design

The designed microfluidic flow sensor has a channel installed on the inner wall of a
tubular system, and it comprises a mechanically flexible platform that is compatible with
varying curvature architectures and tube diameters, as shown in Figure 1. The height of
the microscale device ensures low flow-disturbance and pressure drop in the tubular sys-
tem owing to its minor volume occupation. The variation in pressure was detected by
modeling at selected points on the channel walls and experimentally using capacitive
pressure sensors located below the channel. Figure 1a displays the cross-sectional area of
a tube with a microchannel flow sensor attached to its inner wall. The designed structure
and the materials selected for the sensor are presented in Figure 1b. The proposed flow
sensor design does not require an external flow path or tube contraction to prevent fluid
flow interruption, pressure drop, and energy loss. Instead, the sensor utilizes the volu-
metric flow rate generated inside the tubular system to drive a small fluidic volume inside
the microsensor with the advantages of microfabrication to measure volumetric flow rate
under laminar flow conditions.
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Figure 1. Design of flow rate sensor with mechanically flexible platform. (a) Cross-sectional view of
tube with flow sensor installed on inner wall. (b) Flow sensor containing flexible polydimethylsilox-
ane (PDMS) substrate, rigid poly(methyl methacrylate) (PMMA) microchannel and capacitive pres-
sure sensor below the microchannel.

The capacitive pressure sensor inside the microchannel measured the absolute pres-
sure generated from the weight force and flow velocity of the fluid inside the channel. The
pressure measured using the capacitive pressure sensor constitutes the total pressure
(Prota1), including both static pressure and dynamic pressure expressed in Equation 1 [5].
In addition, the dynamic pressure is proportional to the square of the volumetric flow rate
(Q) of a fluid expressed in Equation 2, where p denotes the fluid density, h represents the
channel depth, and g is the gravitational acceleration.

Protar = Pstatict PDynamic (1)
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3. Simulation and Modulation

The operating principle of the flexible-platform flow sensor was studied based on
simulation conducted using the commercially available tool COMSOL™. A model analy-
sis was performed to understand the relationship between the channel and tubular flow
rates and to ensure that flow conditions inside the channel were completely developed,
which replicated the fluid flow dynamics inside a 3-dimensional (3D) sensory system
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based on the Navier-Stokes equation. The finite element analysis was set with default
discretization for laminar flow as a linear interpolation between the velocity and pressure
to simplify the computational process and reduce the computation time. The channel di-
mensions were set to 250 pm high, 3 mm wide, and 60 mm long. The designed channel
was attached to the internal wall of a tube with an inner diameter of 3.8 cm, as portrayed
in Figure 2a. In particular, three locations were selected inside the inner wall of the micro-
channel to simplify the calculations, and the pressure measurements were recorded at the
selected sites.
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Figure 2. Results of 3D simulation modeling. (a) 3D flowmeter design for simulation study using
microfluidic channel bridge installed on inside wall of tube of 3.8 cm diameter. (b) Results of simu-
lation modelling displaying variation in pressure as a function of flow rates in microchannel and

pipe.

The simulation results of the flow sensor are presented in Figure 2b. In this study, we
used model analysis to determine the correlation between the tubular flow rate and mi-
crochannel flow rate, followed by recording the pressure range at the selected sites inside
the channel. As expected from network piping physics calculations [6], the flow rate in
the tube system was proportional to the flow rate in the microfluidic channel, because the
total flow rate was equal to the summation of flow rates in the individual branches. Alt-
hough the results exhibited that the tube flow rate was linearly proportional to the total
pressure at the selected locations, in reality, the linear interpolation between velocity and
pressure was set in the simulation for obtaining approximate results with less complex
computational process and time. Moreover, the dynamic pressure varied as a function of
the fluid velocity or flow rate. Consequently, the tubular flow rate was related to the mi-
crochannel flow rate as well as the dynamic pressure generated on the channel walls.

4. Fabrication and Characterization

Figure 3 demonstrate the fabrication process of the flow sensor. Initially, the capaci-
tive pressure sensor on the flexible PDMS platform was fabricated and characterized be-
fore completing the fabrication process to validate the operating conditions of the capaci-
tive pressure sensor. It was fabricated similar to the previous reported work [7]. The pres-
sure sensor was characterized at water depths varying from 0-65 cm at 5 cm intervals. The
values for the three capacitance pressure sensors were recorded at various water depths
using Keithley (model 4200A-SCS) at 10 kHz as an optimized selected frequency to obtain
the best signal-to-noise ratio. Thereafter, the average capacitance readings at each depth
were calculated. The pressure sensors were characterized on a flat surface and concave
surface position using a 3.8 cm bending diameter. The pressure sensor results in the flex-
ible platform indicated that the capacitance was linearly proportional to the applied pres-
sure and depth, as depicted in Figure 3a. In addition, both the characterization results for
various surface conditions, i.e., concave and flat surfaces, displayed a similar pressure
sensitivity of 10 pF/kPa. The designed device exhibited almost identical behavior under
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flat and concave surface positions, except that the initial capacitance value was slightly
higher at the concave position owing to the stress generated from the mechanical defor-
mation of the flexible sensory platform. For both the positions, the initial reading at 0 kPa
displayed the maximum errors, because the depth value varied in comparison to that at
other locations in the experiment and this site was located outside the water tank, where
the density varied as well.
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Figure 3. Fabrication process and characterization of flow sensor. (a) Characterization result of ca-
pacitive pressure sensor on flat and concave surfaces for various pressure values generated at dif-
ferent water depths. (b) Fabrication of PMMA microchannel bridge. (c) Attaching and bonding mi-
crochannel bridge to physically flexible substrate. (d) Results of flow sensor characterized inside
tubular system, which suggests the influence of flow rate on pressure and capacitance measurement
that is presented as AC/Co.

As depicted in Figure 3b, a microchannel bridge was fabricated using a PMMA sheet
of 1 mm thickness. The channel bridge was attached to the prepared, flexible sensory plat-
form using oxygen plasma bonding, as demonstrated in Figure 3c. The device was repack-
aged with a thin PDMS coat to ensure appropriate bonding between the channel and plat-
form. The flow sensor was characterized after the microfluidic channel was attached to
the flexible sensory platform. A laboratory-grade transparent polyvinyl chloride pipe sys-
tem was constructed with an inner diameter of 3.8 cm and a total system length of 60 cm.
The device was installed on the inner tube wall located beyond the hydrodynamic en-
trance at 15 cm from the entrance expansion. The pipe system was appropriately encap-
sulated with caps and secured with epoxy glue.

The volumetric flow sensor was characterized using a pump controller (Catalyst
FH100DX pump) for generating a precise flow rate. The pump was connected to the pipe
and fluid reservoirs. The flow sensor was tested with water at various flow rates ranging
from 0-2000 mL/min. Each flow rate was maintained for 1 min to ensure a stabilized flow
prior to acquiring the data. In addition, the capacitance was recorded at each flow rate
from three pressure sensors using a Keithley. Subsequently, AC/Co was calculated for
each capacitance, where C and Co are the capacitance values with and without the applied
pressure, respectively. Finally, the three calculated AC/Co values were averaged for each
flow rate. In particular, determining the average for the capacitance reading between the
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three selected sites aided in smoothing the graph plots and create a single graph to corre-
late the recorded capacitance values in comparison to the tubular flow rate, because all
the three pressure sensors increased proportionally. Finally, the setup was disassembled
after the experiment, and the device was diagnosed to ensure complete fluid seal in the
device.

The flowmeter sensor was developed as a standalone system for real-time and wire-
less monitoring applications, illustrated in Figure 4. The characterization setup and elec-
tronic components for the wireless monitoring system are as expressed in a previous work
[7]. Various flow rates were examined through a pipe system using a pump controller.
Moreover, the data were wirelessly transmitted using Bluetooth and recorded using an
Android smart device installed with a specially developed in-house application to inspect
the fluid flow rates with the developed flowmeter. The
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Figure 4. Wireless monitoring experimental setup using developed standalone system. (a) Experi-
mental framework and characterization modules. (b) Initial implementation of standalone electron-
ics. () Integrated and packaged standalone electronics with flow sensor.

5. Results and Discussion

The results of the flow sensor operating under various flow rate conditions are de-
picted in Figure 3d, which suggest the relationship between the capacitance measured by
the pressure sensor and the flow rate in the microchannel and tubular system. Moreover,
the tubular flow rate was proportional to the channel flow rate and validated with the
simulation model. Furthermore, the pipe flow rate and evaluated AC/Co exhibited incre-
mental curved behavior, and the results indicated that the device was sensitive in the
range of 500-2000 mL/min, because the force occurring in flow rates below 500 mL/min is
not adequate to drive the fluid inside the microchannel for the given channel dimensions.
More precisely, the variation in pressure was lesser than the pressure sensitivity range.
Additionally, the flow rate was not tested above 2000 mL/min owing to pump limitation.

Flowmeter characterization experiment for real-time monitoring is presented in Sup-
plementary Video S1, and the sensor response results versus time at various flow rates for
a 50% diluted glycerol solution are depicted in Figure 5a. The y-axis denotes the output
response from the BLE PSoC in the raw capacitive to digital convertor values. The rela-
tionship between the capacitive pressure sensor and raw output values has been. Further-
more, the trend of the raw output averaged values at each tested flow rate for the diluted
glycerol solutions are presented in Figure 5b.
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Figure 5. Characterization results of wireless monitoring system for flow sensor from 1000-2000
ml/min. (a) Real-time monitoring results for various tested flowrates using developed flow sensor
and electronics standalone system with 500 ms reading intervals. (b) Wireless monitoring results
for averaged raw capacitive to digital convertor values at various flow rates.

6. Conclusions

In summary, we reported a novel liquid volumetric flow sensor and analyzed it
based on simulations and modeling. In addition, we fabricated the designed flow sensor
using a lithography-free technique and demonstrated its operational performance. Con-
sequently, the model analysis results corresponded well with the experimental results.
The sensor was based on a microfluidic sensing mechanism that utilized the microsensors
to measure macro systems as a application of microfluidic sensors. The sensor comprised
arigid microchannel PMMA bridge on a mechanically flexible PDMS substrate to provide
flexibility for various tubular dimensions on the inner walls of the pipes with minimum
flow perturbations. Therefore, the designed microsensor reduced the pressure drop and
energy loss in the pipe flow. Furthermore, the operating principle and behavior of the
fluid flow sensor were replicated with simulations and verified experimentally at flow
rates ranging from 500-2000 mL/min.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Video S1:
The flowmeter characterization experiment for real-time monitoring.
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