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ABSTRACT In this study, a simple manufacturing method was developed for fabricating a multifunctional
capacitive flow meter (CFM), which can act as a check valve for flow channels. By using three-dimensional
(3D) printing technology, a hybrid advanced manufacturing process is realized. As the gas flows in the for-
ward direction, the initially closed polymer membrane opens and allows airflow. The flexible and dielectric
membrane is normally closed. It opens in response to the airflow direction and changes the capacitance
according to the airflow rate. The sensing performance of four different CFMs were characterized according
to the thickness of the membrane. From an analysis of the static and transient responses, the sensing range,
sensitivity, and signal-to-noise ratio were calculated and compared. The CFM with a 600 xm thick membrane
was adopted as the sensing component for a human respiratory (inhalation and exhalation) monitoring system
as one of the applications. The 3D printed system successfully measured the respiratory rate and tidal volume
(~442.3 ml), supporting the applicability of CFMs in diverse fields such as human healthcare, mass flow

controllers, and smart wearable devices.

INDEX TERMS Capacitive sensor, 3D printing, flow meter, respiratory healthcare, check valve.

I. INTRODUCTION

In the past few decades, precise flow rate measurement has
been crucial not only in industrial fields such as the oil and gas
industries, but also for human respiratory healthcare fields
[1]-[4]. Therefore, selecting the appropriate type of flow
meter is also important by considering the sensitivity and
sensing range requirements of the application. To meet this
demand, several different micromachined flow sensors have
been widely studied, such as thermal [2], [5], [6] and non-
thermal types [3]-[5]. The principle of the thermal type is
based mainly on the asymmetric temperature distribution of
the heating component by convective heat dissipation during
fluid or gas flow [2], [7]. However, because the presence
of the high temperature element has potential risks of fire
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for combustible gas measurements, additional monitoring
systems are required.

For the other non-thermal flow sensors including piezore-
sistive [8], [9] and capacitive [3], [4], [10] types, issues such
as sensitivity, sensing range, and temperature dependency
need to be improved. Moreover, the traditional microelec-
tromechanical system (MEMS)-based fabrication processes
require complex fabrication (such as photolithography, metal
deposition, and etching) and extremely clean facilities. These
constraints have entailed high costs for mass-production man-
ufacturing for widespread applications. As a result, a simple
and low-cost flow sensor fabrication is required.

Recently, three-dimensional (3D) printing technology has
been considered as an innovative solution for smart manufac-
turing fields, owing to the convenient and intuitive methods
used. The previous complicated fabrications for microscale
devices such as microfluidic chips, sensors, and actuators,
have been replaced with 3D printing-assisted methods for
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FIGURE 1. Conceptual schematic of a 3D printing-assisted capacitive flow rate sensor and
the sensing principle for different flow directions: (a) backward (red), and (b) forward

(blue).

several different practical applications such as human health-
care [11]-[13], constructing structures [14]-[16], and electri-
cal components [17]-[19]. In particular, owing to the printing
capability of biocompatible filaments, there have been many
efforts made to develop 3D printed biomedical devices such
as artificial organs [11], [20], electronic skins [12], [21], and
wearable devices [13], [22] for the human healthcare indus-
try. Moreover, by substituting traditional MEMS fabrication,
various printing processes have been adopted to develop
various sensing devices. For instance, force [23], strain [24],
and humidity sensors[25] were directly printed, realizing a
facile and cost-effective fabrication. Consequently, the pre-
cise characterization of products using both experimental and
theoretical methods is important.

Capacitance-based devices are frequently used owing to
their high stability and short response time [26], [27].
As the capacitance is related to the relative permittiv-
ity, distance between electrodes, and their area, capaci-
tive pressure sensors have been widely fabricated using
sandwich structures [26]-[28]. In addition, multiphase flow
[29]-[31] and liquid level [32]-[34] detections were per-
formed by measuring the capacitance change in response
to the mean dielectric property between two electrodes by
the variation of volume fraction and the amount of liquid,
respectively.

In this study, we developed a 3D printing-assisted sim-
ple and low-cost method to fabricate a capacitive flow
meter (CFM) using a suspended dielectric membrane.
Figure 1 illustrates the overall principle of the CFM for for-
ward and reverse flows. The two copper electrodes were fixed
on the 3D printed chip with a gap for voltage bias, and addi-
tional electrodes were initially placed above them without
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electrical contact because of the thickness of the suspended
polymer film (d;). As shown in Fig. 1(a), the suspended
polydimethylsiloxane (PDMS) membrane remains in a fully
closed state when the fluid flows in the reverse direction or
there is no flow. Because of its structural properties, the flow
is blocked by the membrane and cannot pass through the
flow channel. In contrast, the suspended PDMS membrane
naturally opens when the fluid flows forward, and the distance
between the attached and suspended electrodes increases
(from d; to d»). As the amount of charge initially collected
at the attached electrodes decreases, the output capacitance
also decreases. As a result, continuous flow rate measurement
is achieved because the decreased rate of the capacitance
is directly related to the flow rate. Moreover, as the flow
sensor can be used as a check valve for the flow channel,
it can detect gas flow in a specific direction. In addition, the
CFMs can be utilized for potential applications such as drug
delivery, exhalation monitoring systems, and hemodialysis
machines by connecting in series within the fluid channel to
measure the forward flow rate selectively. To characterize the
capacitive flow sensor according to the different thicknesses
of the polymer membrane, both static and transient analyses
were conducted using the experimental method in response
to the flow rate. In addition, the sensing performance trends
were evaluated to determine the sensing range and sensitivity.
Finally, to demonstrate the flow rectifying characteristics,
capacitive flow sensors were applied to a human respiratory
(exhalation and inhalation) monitoring device to calculate the
respiratory rate and tidal volume. This study demonstrated
the simple fabrication and analysis of flow sensors with wide
sensing ranges for different applications, such as respiratory
detection and gas flow meters.
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FIGURE 2. Overall fabrication process of the CFM: (a) 3D printing process for sensor body and mold for PDMS membrane; (b) PDMS pouring, degassing,
and curing processes for different thicknesses; (c) combining copper tape with sensor body and PDMS membrane; (d) integration of the two parts and
electrical connection for the capacitive sensing; and (e) comparison of initial capacitance of ten fabricated CFMs (membrane thickness = 900 xm).
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FIGURE 3. (a) Schematic configuration of experimental setup to characterize fabricated CFMs. (b) Movement of a

suspended PDMS membrane during fan on/off.

Il. FABRICATION

As depicted in Fig. 2, the fabrication process for CFMs
consists of four main steps: 3D printing of the main body
and mold, PDMS membrane curing, electrode formation,
and assembly with wire connections. Figure 2(a) shows the
printing of the sensor bodies and mold of the PDMS mem-
branes. For the sensor bodies containing a 5 mm x 2.5 mm
rectangular hole, fused deposition modeling-based 3D print-
ing (Guider IIs, Zhejiang Flashforge 3D Technology co.,
Ltd.) was used with a polylactic acid (PLA) filament. At the
same time, a 3D printer (3DWOX 2X, Sindoh Co., Ltd.)
with a nozzle diameter of 0.4 mm was used for printing
PLA filaments to prepare the membrane mold. The print-
ing speed, filling density, bed temperature, nozzle tempera-
ture, and layer thickness were selected as 40 mm/s, 100%,
50 °C, 210 °C, and 0.15 mm, respectively. Subsequently,
the degassed PDMS polymer mixture (ratio of prepolymer to
curing agent = 10:1) was poured into the printed membrane
mold and kept for 24 h at room temperature, as shown in
Fig. 2(b). PDMS membranes were fabricated with four differ-
ent thicknesses of 300, 600, 900, and 1200 pum (hereinafter
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referred to as 3-, 6-, 9-, and 12-type, respectively) and fixed
width and length (7.35 and 13 mm, respectively) to compare
the sensing performances. The thickness of the polymer films
can be easily controlled by the 3D printing method. Subse-
quently, ~0.05 mm thickness of copper tape was cut into
5 mm x 7 mm, to create bottom electrodes on the sensor body,
and top electrodes on the flexible PDMS membrane, as illus-
trated in Fig. 2(c). Specifically, to generate capacitance, the
two bottom electrodes were attached with a gap of 2 mm.
Finally, the sensor body and membrane were assembled to
complete the fabrication process, and the copper wires were
connected for external electrical access, as shown in Fig. 2(d).
The three electrodes do not touch each other owing to the
polymer membrane separating them during both forward and
reverse flows. Furthermore, to evaluate the effect of non-
flat copper tape due to manual processes on capacitance, the
initial capacitance at closed state were analyzed with ten fab-
ricated sensors. As a result, the CFMs exhibited the average
capacitance of ~0.35 pF within £3.2% deviation, as shown
in Fig. 2(e), demonstrating the negligible effect of the uneven
surface of copper tape and reliable fabrication results.
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FIGURE 4. Sensing performance comparison of the fabricated flow sensors with different membrane thicknesses: (a) normalized
capacitance as a function of flow rate, (b) effective sensing range and maximum sensitivity as a function of membrane thickness,
(c) transient response for 10 s cyclic flows at 7.87 SLM, and (d) signal-to-noise ratio as a function of membrane thickness.

lIl. CHARACTERIZATION

To characterize the sensing performance of the CFMs with
respect to the flow rate and thickness of the polymer mem-
brane, the sensor was attached to a testbed, as shown in
Fig. 3(a). In addition, to evaluate capacitance change at
reverse flow conditions, CFMs were attached to the inlet of
flow channel. A DC controllable fan was used to supply a
continuous airflow rate by changing the DC voltage input
through a regulated power supply (TDP-305A, TOYOTech
LLC). It should be noted that before the fluid reached the
sensot, the flow profile was regulated uniformly using a flow
conditioner. In addition, to determine the correlation between
the input DC voltage and flow rate, a commercial flow meter
(PMF4005V, POSIFA Microsystems, Inc.) was attached to
the outlet of the testbed. Subsequently, the change in the
capacitance of the fabricated sensing device fixed at the same
position was measured using an LCR meter (IM3536, HIOKI
E.E. Corporation). For the measurement, the AC frequency,
AC voltage, and DC voltage were set to 100 kHz, 2 V,
and 1 V, respectively. Simultaneously, optical images were
captured to qualitatively detect membrane movement during
the tests. Figure 3(b) shows the behavior of the polymer mem-
brane in response to the flow direction. The gap between the
electrodes increases as the membrane opens when the flow
rate increases (fan on), thereby decreasing the capacitance,
as compared with the initial state (fan off) or when the fluid
flows in the reverse direction.
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IV. RESULTS AND DISCUSSION

Figure 4(a) shows the average sensing performance results of
the four different 3-, 6-, 9-, and 12-type CFMs as a function
of the supplied flow rate. For each measurement, the capaci-
tance was measured for each flow rate condition in the range
of ~-7.9 to ~9.2 SLM (standard L/min). The evaluated
capacitance was normalized based on the initial value for
each experiment to compare the results. The equation for
normalization is calculated as follows:

Cnormalized = (Cd_ci)/ci (1)

where C; is the initial capacitance without flows and Cy
is the value decreased by the airflows. Note that ~0.34,
~0.37, ~0.35, and ~0.41 pF were measured for the average
initial capacitance value of 3-, 6-, 9-, and 12-type CFMs,
respectively. As seen in Fig. 4(a), although the PDMS mem-
brane could be slightly deformed by the negative pressure
(i.e., reverse flow), capacitance changed less than ~0.8%,
which was negligible compared to the initial value. As a
result, it should be noted that the CFMs could success-
fully rectify the reverse flow without considerable noise.
For the forward flow conditions, the thinner the polymer
film, the greater the sensitivity in the relatively low flow
rate region (0—4 SLM). In addition, for the 3-type CFMs
(3-CFMs), the changed capacitance rate converged (i.e., low
effective sensing range) in the relatively high flow rate region
(7—9.2 SLM). For the 12-CFMs, the overall sensitivity is low
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FIGURE 5. (a) Configuration of respiratory monitoring system using fabricated CFMs and a 3D printed case. (b) Mounted CFMs for the independent
sensing of exhalation (red line) and inhalation (yellow line). Transient sensing response for (c) exhalation, and (d) inhalation.

in the given flow range compared with the other CFM types
because more force is required to lift the membrane, how-
ever, an effective sensing region exists at a higher flow rate.
Furthermore, because there was a limitation to the distance
that the polymer films could be lifted, it can be seen that the
rate of change was saturated at the higher flow rates. It was
noticeable that the overall level of capacitance and sensitivity
can be easily enhanced by utilizing other dielectric materials
and tuning the gap between sensing electrodes.

Moreover, for the continuous measurement of the forward
flow rate and to analyze the range of the effective sensing
region and sensitivity for reliable future applications, a non-
linear curve fitting was adjusted using a logistic function
[35], [36] (dotted line) considering the characteristics of the
results. The equation used for fitting can be described as

1
R

where x is the flow rate, and the other parameters (« and
Xp) are fitting constants. The fitted curves matched well with
R-squared values of 0.997, 0.998, 0.997, and 0.957 for the
3-, 6-, 9-, and 12-type CFMs, respectively. Because the slope
of the curve represents the sensitivity, the maximum sen-
sitivity and effective sensing range (difference in flow rate
between 10% and 90% of the initial and converged capaci-
tance values) can be easily calculated by differentiating the
fitted functions. Figure 4(b) shows a comparison of the sens-
ing performance as a function of the membrane thickness.
For the intuitive comparison, absolute value was used for the

(@)

Cnormalized = Ol(l
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sensitivity calculation. As the thickness of the polymer mem-
brane increased, although the maximum sensitivity decreased
(0.057 to 0.003 1/SLM for 3- to 12-CFM, respectively), the
effective sensing range increased (4.99 to 25.06 SLM for
3- to 12-CFM, respectively). It should be noted that by tuning
the thickness of the polymer membrane, the appropriate type
of CFM can be selected for each required specification.

Figure 4(c) exhibits transient responses with a periodic
fan on/off condition for the four different CFM types. Each
condition applied to the sensing components lasted 10 s with
a flow rate of ~7.87 SLM when the fan was on. As a result,
the sensitivity of the thinner type of CFM shows enhanced
sensitivity under repeated flow rates. In addition, the average
signal-to-noise ratio (SNRyp) values were calculated, where
SNRgp = 2010g10(Csignat / Cnoise)> to compare the signal dis-
crimination performance. As depicted in Fig. 4(d), the noise
generated from the capacitance signal is negligible for the
3-, 6-, and 9-CFM owing to their high SNR;p values > 20.
However, the 12-CFM showed a relatively low SNR g (~9.2)
and a high standard deviation. In summary, for reliable and
stable sensing results, a CFM with less than a 1200 pum
polymer membrane thickness is desirable.

To demonstrate CFMs as respiratory monitoring sensors
for digital health applications, the sensing performance in
human breathing was observed using an additional 3D printed
case. Because the 6-CFMs exhibit relatively high sensitivity
(0.026 1/SLM), an effective sensing range (17.36 SLM), and
SNRgp (33.85 dB), PDMS membranes with 600 pum thick-
ness were selected for the respiratory measuring components.
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Figure 5(a) shows an overall schematic of the respiratory
monitoring system using CFMs. The device was designed to
have two breathing flows (inhale and exhale) with two chan-
nels by mounting the two CFMs in opposite configurations,
to detect the reverse direction of each flow (sensor 1 and 2 for
exhalation and inhalation, respectively). Because the CFMs
can rectify fluid flows (blocking reverse flow), complete
exhalation or inhalation can be achieved with the intended
sensor without additional check valves. For instance, while
inhaling (yellow line in Fig. 5(b)), sensor 1 is naturally closed,
and the fluid flows only through sensor 2, such that the inspi-
ratory flow can be measured. By sealing the fabricated device,
a human respiratory monitoring system can be realized using
an LCR meter. Exhalation and inhalation of breath were suc-
cessfully detected for 70 s as depicted in Figs. 5(c) and 5(d),
respectively. To demonstrate the reliable sensing performance
of the system, the respiratory rate and average tidal volume
were measured by calculating the breaths per minute and
the average area during exhalation, respectively. As a result,
the device measured the parameters as ~13 breaths/min and
~442.3 mL of tidal volume, which was comparable to the
normal range for adults [37], [38]. Therefore, these results
demonstrate the reliable application of CFMs in human res-
piratory healthcare.

V. CONCLUSION

In conclusion, a simple method of 3D printing-based fab-
rication of a CFM was proposed for a human respiratory
monitoring device. Owing to the suspended polymer mem-
brane with a dielectric layer, the CFMs can measure flow
rates and rectify the reverse flow simultaneously. The airflow
rate sensing performance was compared for different PDMS
thicknesses (300, 600, 900, and 1200 pm) by static and
transient analyses. In addition, the results were fitted with
a logistic curve to compare the effective sensing range and
sensitivity. Furthermore, using repeated transient tests, the
SNR;p was evaluated. Evaluating the optimal mix of sensi-
tivity, effective flow sensing range and SNR;p, CFMs with
600 um thick membranes were selected for demonstration
of human healthcare applications. To realize the respiratory
monitoring system, an additional 3D printed package was
used to fix two 6-CFMs for independent sensing of inhala-
tion and exhalation. A respiratory rate of ~13 breaths/min
and ~442.3 mL of tidal volume were successfully measured
within a reasonable range. These results support the novel
manufacturing method for controllable capacitive flow rate
measuring devices and human respiratory monitoring sys-
tems by using static and transient analysis of the flow sensor.
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