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Herein we present a micro-nanostructure integrated liquid
pressure sensor, which features an ultra-high sensitivity of 16.71
mbar, a low-pressure regime of 2 mbar, a trace sample volume
of less than 1.3 puL and a visible display element. The measurable
pressure ranges of the sensors include not only from micro-scale
fluids to bulk liquids but also from hydraulic pressures to blood
pressures, opening a window for liquid pressure sensing in lab-
on-chip platforms, point-of-care diagnostics, and even robotics.

Pressure sensors are attractive for many applications,
including electronic skins, wearable devices, healthcare
monitors, microfluidics and robotics." Although strain
sensors have recently been a hot research topic,”” liquid
pressure sensor development is still in its infancy.*’
Traditional methods for measuring liquid pressure are based
on the changing length of a liquid column, but the sensitivity
and stability of such systems are far from enough.® Fiber-
based hybrid and capillary-assisted sensing methods have
achieved precise requirements of the intended applications,
while the requirement of complicated auxiliary instruments
still needs to be addressed.”™"

Owing to their superior properties, including small sample
volume, low cost and good portability, microfluidics provide a
promising option for producing miniaturized liquid pressure
sensors.'”™® To further simplify the fabrication procedure,
elastomeric and compatible materials such as poly-
(dimethylsiloxane) (PDMS) have been recently adopted into
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fluidic sensing systems.'> Because of its flexibility under fluid
pressurization, which can simulate a circulatory system
including a four-chamber heart, PDMS integrated pressure
sensors have been demonstrated in several recent reports.'®"”
However, experimental detection of local fluid pressure in
typical microfluidic elements, such as valves, pumps and
mixings, is still inconvenient. Additionally, oxygen sensitive
luminescent sensors have been integrated into microfluidics to
measure fluidic pressures inside a microchannel, and because
liquid pressures could be screened by a fluorescence
microscope, a matched characterization method is achieved.'®
Despite these pioneering works, it remains a challenge to
develop highly sensitive sensors that can monitor not only
fluidic pressure environments in microfluidics, but also liquid
pressures of bulk chambers. In addition, the acquirement of
pressure data for existing sensors typically requires intricate
circuits and electronic boards, which significantly increases the
metering cost and is not always suitable for application in
commercial systems.

In this paper, a patterned microstripe-nanopillar array is
employed in microfluidic systems to measure liquid
pressures. The patterned structure acts as a burst microvalve
in microchannels, and its sensing ability is based on the
specific flow behavior of fluids moving through the
microvalve array. The pressure registration of the liquid
pressure sensor (LPS) can occur in situ, and is visible by the
naked eye without any additional energy source inputs or
intricate data acquisition circuits required. The sensor is
miniaturized and portable, at less than 7 em?, and can be
constructed by standard microfabrication technologies that
are available in conventional research laboratories, including
photo-lithography, wet etching and soft lithography. Notably,
by adjusting the dimensions of the LPS, it can achieve an
ultra-high sensitivity of 16.71 mbar™", a low-pressure regime
of 2 mbar, and a trace sample loss volume of less than 1.3
pL. In addition, the LPS is demonstrated to function well,
with slight adaptations, for common liquids within an ultra-
wide surface tension range, enabling its application for
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sensing environmental fluidic pressures in changing
microchannels, detecting the central venous pressures (CVP),
and diagnosing the morbidity of hypertension, hypotension
and arterial thrombosis. Ultimately, this suggests new
application opportunities in microfluidic pressure sensors,
wearable health monitors, medical diagnosis and even
emerging robotic technologies.

Results and discussion
Overview of the LPS

The LPS is composed of a primary fluidic microchannel, five
trapezoidal metering microchannels, a substrate with
hydrophobic microstripe-nanopillar array (MSNP), and a
finger pressing gas chamber (Fig. 1a). When the fluidic
microenvironment is pressurized, fluids can inject into the
LPS from the inlet of the primary microchannel (Fig. 1b). The
inlet pressure can then be measured based on the amount of
MSNP grids that fluids flow through, within the five metering
microchannels. The fluidic flow equation in the primary
microchannel is described as:***°

AP, = ’% v? (f g + ZKL) @)

where AP; is the pressure drop of fluid in microchannels, fis
the friction factor, p is the fluid density, V is the average
velocity, L is the length of the microchannel, D is the diameter
of microchannels, and } K represents the sum of pressure
loss due to the inlet and the varied dimensions of the
microchannels. Theoretically, due to the pressure drop
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existence, the inner fluidic pressure should gradually decrease
in the primary microchannel, and the fluidic pressure in the
five metering microchannels should also decrease
sequentially. There are burst microvalves with varied MSNP
array lengths under the trapezoidal metering microchannels,
and the burst pressure of the MSNP increases with decreasing
length of the exposed structure. Therefore, the positions that
the fluid fronts reach in the five metering microchannels
differs, and the inlet pressure can be measured (Fig. 1c). To
achieve repeated detection of liquid pressures, the outlets of
the metering microchannels are connected to a gas pump.
The fluids in the metering microchannels can be forced to
return to the primary microchannel by pressing the gas
chamber with a finger (Fig. 1d).

The MSNPs were fabricated using photo-lithography and
reactive ion etching (RIE) to achieve the structure in Fig. 2a,
then the structures were treated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFS). The advancing contact angles of
the PFS-modified MSNPs and PDMS surfaces were 117.4 +
0.9° and 123.0 + 0.7°, respectively (Fig. Sla and b¥). First, the
single metering microchannel was compressed onto the
MSNPs, and the flow behavior of water was investigated. As
shown in Fig. 2b, as the fluidic inlet pressure was changed,
the water fronts reached corresponding positions on the
hydrophobic MSNP arrays. Experimentally-measured burst
pressures increased with the decreasing length of the
exposed MSNPs in the microchannels (Fig. 2g). The
theoretical burst pressures in these microchannels could be
calculated according to the Young-Laplace equation, which is
described as®' >
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Fig. 1 (a-d) Schematic illustration of the LPS, showing (a) 3D structure of the LPS, (b) fluids flow within the LPS, (c) liquid pressures measured
according to the quantity of grids filled by fluids, and (d) reuse of the LPS realized by pressing the gas chamber with a finger.
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Fig. 2 (a) The morphology of the MSNP array surface, as evaluated by AFM and SEM. (b) Optical microscopy images of water that requires larger
hydraulic pressure to enable flow through the narrower MSNP in a single metering microchannel. (c—f) Optical microscopy images of water filling
more grids in the metering microchannels, corresponding to larger applied pressure in the liquid inlet. (g) Experimentally measured and theoretical
bursting pressures as a function of the length of exposed MSNP in the single metering microchannel. (h) The amount of the grid that is filled with
water as a function of the applied pressure of the liquid inlet. The figures in the images represent the applied pressure of the liquid inlet. Errors

bars represent standard error.
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where P; and P, are the pressures inside and outside the
liquids, respectively, W is the width of microchannel, H is the
height of microchannel, # is the height of MSNP, ¢ is the
surface tension of fluid, 6y and 65 are the advancing contact
angles of fluids on the Si and PDMS surfaces, respectively.
The pressure value and the growth trend of the measured
pressures are both greater than those of the theoretical burst
pressures. We believe the pressure value difference can be
attributed to the pressure drop of fluids in the inlet, and the
gradually increasing growth trend can be caused by the
increased force area resulting from water flowing through
new grids.**

As a standard fluidic pressure sensor, the device should
be able to detect every change in inlet pressure, while fluids
may not flow through a new MSNP in the single
microchannel when we increase the inlet pressure by one
unit (Fig. 2g). Therefore, five metering microchannels,
which were embedded with MSNP arrays of varying lengths,
were fabricated along the side of the primary fluidic
microchannel. By properly designing the dimensions of the

1556 | Lab Chip, 2020, 20, 1554-1561

microchannels and the positions of the MSNPs (Fig. Sic
and df), the fluidic pressure change can be measured by
the LPS with an increment unit of 1 mbar. When the inlet
pressure was increased to 68.0 mbar, water started to fill
the grid of the first flow metering microchannel. Water
filled more grids as the inlet pressure was further increased
(Fig. 2c-f, Video S1t), and there is a linear relationship
between the quantity of grids in the five metering
microchannels filled by water and the inlet pressure, within
a certain pressure regime of 68-197 mbar (Fig. 2h).
Furthermore, within this regime, each value of the inlet
pressure corresponds to a single, special quantity of filled
grids. When the inlet pressure is larger than 197.0 mbar,
the linear relationship is no longer maintained (Fig. S2a-
1t), but the deficiency can be overcome by using an
increased quantity of metering microchannels (Fig. S2m-tf).
While this increases the size of the LPS, and the specific
quantity of the metering microchannels can be designed, as
required, for each application. The sensitivity of an LPS is
defined as S = N/AP,, where N is the quantity of grids filled
by liquids and AP, is the variation of inlet pressures. The
sensitivity of the proposed LPS used for water pressure
sensing can reach a value of 0.94 mbar .

This journal is © The Royal Society of Chemistry 2020
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Performance of the LPS

>For any LPS, performance properties including the
measurement regime, sensitivity, stability, response time
and applicability are important to characterize.
Measurement regime. When the inlet pressure was
increased to 240.0 mbar, the aforementioned LPS was no
longer accurate, as water flowed through the first metering
microchannels. Because the energy barrier for fluids is
increased in shallow microchannels, reducing the
microchannel height is one potential strategy to increase the
upper limit of the measurable pressure range (Fig. 3a and e
and S3a-df). Alternatively, metering microchannels with
increased height, positioned close together, were fabricated
to enable low pressure-range LPS (Fig. 3b, ¢ and e and S3e-
I¥). Metering microchannels with more distant spacing
exhibit large regimes in terms of the maximum measurable
pressures, but the linear relationship between the measured
pressure and the quantity of filled grid could be not
established (Fig. 3d and e and S3m-p¥). This result can be
understood using eqn (1). When the spacing of the metering
microchannels is distant, the values of L and AP, are large.
When we gradually increased the inlet pressure, the quantity
of filled grids may not increase in the 2nd, 3rd, 4th and 5th
metering microchannels, but it will increase when we
significantly increase the inlet pressure. This behavior
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produces a nonlinear increase in the total quantity of filled
grids, which results in the nonlinear relationship. For
reproducible experimental results, the measurement regime
for water can be 2-800 mbar, and this range could be further
enlarged by increasing the pressure loss in the liquid inlets
(to increase the upper limit) and the microchannel height of
LPS (to decrease the lower limit).

Sensitivity and stability. According to eqn (2), the
difference of burst pressures on the MSNPs in high metering
microchannels is small, improving the sensitivity of the LPS.
Contrarily, the sensitivity of an LPS with shallow
microchannels is relatively low (Fig. 3e). Positioning the
metering microchannels more closely can reduce the AP, and
increase the sensitivity simultaneously. The sensitivity of an
LPS can be further enhanced by connecting the LPS with a
narrow outlet and magnifying the dimension angle of the
metering microchannels (Fig. S4t). Through these strategies,
the sensitivity can reach 14.63 mbar " for water, and the
stability has been demonstrated through over 50 cycle
experiments (Fig. S5at).

Response time. To complete the grid filling in metering
microchannels, fluids must flow through the primary
microchannel and the MSNP arrays in the metering
microchannels. In our experiments, fluids are pressure-
driven, and the fluid flow rate is related to the inlet pressure.
Therefore, the time that it took for fluids to flow through the
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Fig. 3 (a-d) Optical microscopy images of metering microchannels with heights of (a) 5 and (c) 30 um. The applied pressure of liquid inlet is 90.0
mbar. (e) The corresponding relationship between the quantity of grids filled by water and the applied pressure of the liquid inlet, for different
microchannel dimensions. (f) The corresponding relationships between the quantity of grids filled with fluid and the applied pressure of liquids
with a wide surface tension range and multiphase liquids. (g) The stability of LPS with an integrated reservoir for multiple liquids with extremely
low surface tensions. The surface tensions of the BSA solution, 15% ethanol, rapeseed oil, n-hexadecane, alcohol, and octadecene are 52.5, 44.3,
31.6, 25.2, 22.1, and 22.0 mN m™%, respectively. The microchannel height of the LPS is 10 pm.
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primary microchannel and MSNP array decreases with
increased measured pressure (Fig. S5bt). When the inlet
pressure is 130.0 mbar, the response time is 6.3 + 0.5 s (Video
S11). The dimensions of the LPS also influence the response
time. We found that high metering microchannels produced
shorter response times than shallow microchannels at the
same measured pressure, because the lower energy barrier in
the high microchannel enabled a larger flow rate.

Applicability. The materials of the LPS include a PDMS
microchannel and a structured Si-MSNP surface, and the
fabrication procedures involve standard photo-lithography
and wet etching, which are straightforward and cost-effective
compared to the fabrication procedures required for current
LPS.">' To enable the grid quantity to be easily quantified,
we added a ruler line to the side of the MSNP array. More
importantly, current LPS require sophisticated optical and
electronic data displays and acquisition equipments,*~® while
the proposed LPS can be utilized in situ, is visible by the
naked eye, and is recordable by a typical cell phone camera.
The consumed liquids during the measurement process
include the liquid in the LPS and the liquid connecting the
LPS and the pressure chamber, and can be calculated
according to the dimensions of the microchannel and the
area of filled fluids. The volume is notably low, at less than
1.3 pL, so the produced LPS can provide an option for liquid
pressure in sample-limited applications (Fig. S5c¥).

Pressure sensing for liquids with low surface tension

To demonstrate the applicability of the proposed LPS for
traditional ~microfluidics  systems, we measured its
pressurized measurement ability for liquids with low surface
tension, including both oil phase and water phase liquids
(Fig. S6t). It is worth mentioning that the relationship
between inlet pressure and the quantity of filled grids varies
is related to the surface tension of liquids. According to eqn
(1) and (2), the metering regime of the LPS for liquids with
lower surface tension values is smaller, in contrast to the
trend for sensitivity (Fig. 3f). As for the liquids with extremely
low surface tension such as alcohol, n-hexadecane and
octadecene, the cos 6y and cos 65 of these liquids are positive
values, while the AP is negative. The energy barrier of the
MSNP array could not affect the fluid flow, so fluids will
freely flow through the entire of the microchannel system.
Therefore, the present metering method lost its sensing
ability, and new devices had to be fabricated. A reservoir was
included between the inlet and the metering microchannels
(Fig. S7a and bt), and we filled the reservoir and the fluidic
microchannel with water using a low inlet pressure so that
no fluid could flow into the metering microchannels. Low
surface tension liquids can then be subsequently injected
from the inlet, and the measurement process will be
completed before the low surface-tension liquids can flow
through and diffuse into the metering microchannels (Fig.
S7c-et). Based on the measurement results for the liquids
with extremely low surface tension (Fig. 3g), we believe the

1558 | Lab Chip, 2020, 20, 1554-156]
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LPS with an integrated reservoir can measure the fluidic
pressure of liquids with low surface tensions, as long as the
liquid does not react with the chip materials. In addition, the
reservoir integrated LPS also suitable for measuring of
liquids with unknown surface tension, because the
measurement capability and the resulting values are
independent of the surface tension of the liquids.

Detecting the environmental pressure of fluids in
microchannels

In typical microfluidic chips, changes in the diameter and
shape of fluidic microchannel are a common result of
connecting to other chip elements, so it is crucial to
understand the effect of this on the fluidic pressure.**>*
However, theoretically calculated equations describing these
changes of environmental fluid pressure in microchannels
are currently incomplete, and typical experimental detection
of local fluid pressure in microchannels sidewall is
inconvenient and cost-consuming.>* The LPS proposed here
can provide a new strategy for solving this problem. To
simulate various fluid microenvironments, we fabricated
primary microchannels with round, triangular, and square
physical structures serving as obstacles to flow, and the
filling behaviors of water were investigated. As shown in
Fig. 4a-d, the number of filled grids was gradually reduced,
so we can obtain the increased fluidic pressure drop, from
32.07 to 55.28 mbar (Fig. 4m), according to the relationship
in Fig. 2g and h. The results demonstrate that the energy
barrier of the three kinds of obstacles gradually increases
and overcomes that of the straight microchannel.

The primary microchannels were fabricated with varied
widths to determine the influence of microchannel diameter
on fluidic pressure. The results indicate that the pressure
difference between the metering microchannels is greater for
narrower fluidic microchannels (Fig. S8t). According to eqn
(1), a narrower microchannel corresponds to a larger pressure
drop, and the quantity of filled grids would vary more
significantly among the five metering microchannels. To
study the fluidic pressure changes in microchannels where
the diameter is changed suddenly, LPSs were fabricated with
variations in the primary microchannels produced. As shown
in Fig. 4e-h, microchannels with wider spacing correspond
to larger energy barriers in junctions, which subsequently
increases the pressure drop in the primary microchannel
from 31.93 to 53.31 mbar (Fig. 4n). Simultaneously, we
experimentally determined that the pressure drop in
narrower contractive microchannels is larger than that in
wider microchannels (Fig. 4i-1 and n), which is consistent
with the theoretical prediction of eqn (1). In addition, the
inner fluidic pressure in different microchannel chambers
was measured (Fig. 4e-1). We found that as the primary
microchannel gradually widened, the internal fluid pressure
remained consistent, and the same conclusion is established
in primary microchannels with both the outspread and
contractive outlets (Fig. 40).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) The filling behavior of water in the metering microchannels with distant spacing. (b-d) The filling behavior of water in the LPS when the
straight fluidic microchannels are integrated with rounded (b), triangular (c) and square (d) obstacles, respectively. The line lengths of the fluidic
microchannels are identical in (a-d), and the applied pressure of the liquid inlet is 200.0 mbar. (e-l) The filling behavior of water in the LPS with
microchannels that is suddenly widened and narrowed. The microchannel heights of the LPS are 10 um. Black arrows and labels represent the
pressure drop in the metering microchannels, and red arrows and labels represent the difference of the inner fluidic pressure among the metering
microchannels. The applied pressure of the liquid inlet is 180.0 mbar (e-h), or 130.0 mbar (i-l). (m and n) Experimentally measured and theoretical
pressure drops as a function of the difference in the number of grids filled with fluid in different microchannels. (0) Experimentally measured and
theoretical environmental pressure difference in the number of grids filled with fluid in both widened and narrowed microchannels.

Detecting the central venous pressure and diagnosing the
severity of hypertension, hypotension, and arterial
thrombosis of rats

Sensing of the CVP contributes to the measurement of
effective circulating blood volume and cardiac function.>* >’
However, current metering methods require a significant
volume of blood to fill a liquid column, and the accuracy
suffers from multiple uncertainties, such as residual air
bubbles in measuring columns.>® The proposed LPS provides
a promising alternative, due to its high sensitivity and small
sample volume requirement (Fig. 5a). To demonstrate this,
we first connected the LPS to a closed pressurized blood
chamber to simulate a venous pressure environment and
obtain the flow law for rat blood in the LPS. The sensitivity of
the LPS for blood in this environment was found to be 16.71
mbar™ (Fig. 5b and Fig. S9a-ct). It is worth mentioning that
the metering ability of the LPS is related to the surface
tension of liquid, and the law is also suitable for the pressure
measurement of other types of blood, such as bovine blood
(Fig. S101). We then connected the LPS to the proximal
cerebral end of the right external jugular vein of three groups
of rats (all of the experimental animals in this study were
treated in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Jilin
University, Changchun, People’s Republic of China):** (1) an
untreated control group, (2) rats that were intravenously

This journal is © The Royal Society of Chemistry 2020

injected with 2 mL kg™ 0.9% saline, and (3) rats that were
intravenously injected with 0.8 ug kg™. As shown in Fig. 5c-
e, the rats having a low blood volume could be diagnosed
according to the quantity of grids filled by the bloods.

Direct detection of arterial blood pressure is the “gold
standard” for obtaining absolute blood pressure, which avoids
interference from external factors that impact traditional and
wearable monitoring devices.”® To ensure that the measurement
range of the LPS is wide enough to detect both hypertension
and hypotension in rats, the microchannel height of LPS was
chosen to be 5 um, with a corresponding sensitivity of 1.37
mbar " (Fig. 5f and S9d-ff). Then, the LPS was connected to the
left carotid artery of rats by a puncturing method,® and
adrenaline and acetyl choline were used to control the arterial
blood pressure of the rats. As shown in Fig. 5g-i, the LPS can
detect the systolic blood pressure of rats, and the severity of
hypertension and hypotension can be diagnosed according to
the quantity of the grids filled by bloods (Video S27).

In addition, arterial thrombosis is a main instigating
factor of heart attacks and strokes,®> so convenient
detection for arterial thrombosis by a low-cost device could
reduce the incidence of these diseases. To simulate the
conditions of arterial thrombosis, we clipped the common
carotid artery of rats with varied force.>> We found that the
quantity of girds filled by blood decreased with increasing
clipping (Fig. 5j-1), demonstrating the monitoring ability of
the LPS for the severity of arterial thrombosis.

Lab Chip, 2020, 20, 1554-1561 | 1559
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Fig. 5 (a) Schematic of the LPS for monitoring the blood pressure of rats. (b) The corresponding relationships between the quantity of grids filled with

blood and the applied pressure of the simulated CVP. The microchannel height of the LPS is 83 um. (c-e) The LPS for sensing the CVP of rats, which is
imaged with a typical built-in cell phone camera. The rats in (c) were untreated as a control, and the rats in (d) and (e) were intravenously injected with 2
mL kg 0.9% saline and 0.8 ug kg nitroglycerin, respectively. (f) The corresponding relationships between the quantity of grids filled with blood and the
applied pressure of the simulated blood chamber. The microchannel height is 5 um. (g-i) The LPS for measuring the severity of hypertension and
hypotension. The rats in (h) were untreated as a control, and the rats in (g) and (i) were intravenously injected with 0.2 mL kg™ 0.01% adrenaline and 0.2
mL kg™ 0.01% acetyl choline, respectively. (j-) The LPS for diagnosing arterial thrombosis of rats, where the common carotid artery of the rats was
clipped with low (j), middle (k) and high (l) pressures. (m) The reproducibility measurement results for the LPS used to detect the CVP and the severity of

hypertension, hypotension, and arterial thrombosis.

All the measured results discussed above were repeated,
as shown in Fig. 5m. It is noteworthy that the blood pressure
can be measured in situ and recorded by a typical built-in cell
phone camera, without the requirement for additional energy
sources, suggesting the LPS could provide great portability,
with a floor space less than 7 cm? In addition, the loss of
blood volume is less than 1.3 pL, which is much lower than
that required for current clinical methods and would not
affect patient health, even in a clinical emergency.*®

Conclusions

In conclusion, a visualized and highly sensitive LPS has been
constructed using an integrated micro-nanostructure array in

1560 | Lab Chip, 2020, 20, 1554-1561

microchannels, providing a powerful strategy for developing
a miniaturized, portable LPS. Notably, the LPS features an
adjustable pressure regime reaching as low as 2 mbar, an
ultra-high sensitivity of 16.71 mbar™, a low sample volume of
less than 1.3 pL and a convenient display element that can
be instantaneously visualized in situ by the naked eye without
the need for intricate data acquisition circuits or extra energy
source inputs, enabling sensing of common liquids with an
ultra-wide range of surface tensions. In addition, the LPS is
suitable for detecting not only the fluid pressure in a
microfluidic system and bulk chamber, but also the blood
pressure in the arteries and veins of rats. By integrating the
LPS with curving, contractive and outspread microchannels,
we could experimentally determine the fluidic environment

This journal is © The Royal Society of Chemistry 2020
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pressure of target positions in microfluidic systems, which is
difficult to realize using traditional pressure sensors. The LPS
appears to be a highly sensitive monitor to measure the value
of the CVP, along with the severity of hypertension,
hypotension, and arterial thrombosis. Further, the LPS is
miniaturized and portable, and thus can be carried around
and used for testing in a variety of environments and
applications.

The obtained results offer compelling evidence in favor of
this newly designed LPS, providing a new alternative for
liquid pressure measuring in applications including lab-on-
chip platforms, chemical engineering, point-of-care
diagnostics, robotics, and beyond. Further investigations can
be conducted to achieve a pneumatic and pressure-tight LPS
platform that will allow non-invasive blood pressure
measurement by sensing the arterial pulse. A platform may
also be constructed by flexible substrate materials to yield
low profile and wearable configuration that can be portable
and easily deployed.
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