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The Tesla valve (TV), a valvular conduit invented by Nicola Tesla over a century ago, has recently acquired
significant attention and application in various fields because of the growing interest in microfluidics and
nanofluidics. The unique architecture of TV characterized by an asymmetrical design and an arc-shaped channel
has long been an intriguing yet underrated design for building a passive component in a microfluidic system. While
previously regarded as a technology without significant use, TV structures have been implemented in thermal
manipulation fluidics, micromixers and micropumps, benefitting the advancement of urgently demanding
technology in various areas, such as in biomedical diagnostics through wearable electronics and medical
instruments, lab on a chip, chemosensors and in application toward sustainable technology manifested in fuel cell
devices.

Tesla valve microfluidics valvular conduit

| 1. Introduction

The Tesla valve (TV) is a fascinating invention that has a rich history. It was first patented in 1920 by Nikola Tesla,
who was a renowned scientist and inventor in electromagnetic physics . Tesla was inspired by his previous
invention, the electronic rectifier 2, to design a device that could be used as a unidirectional conduit for fluids (31,
The valve’s structure comprises a series of interconnected channels and obstructions that allow fluid to flow in one
direction but restrict it from flowing in the opposite direction. TV has been extensively studied for their potential use
in various applications, including fluidic control, energy devices, and biomedical engineering. The TV is unique
because it relies solely on an asymmetrical channel design without the use of moving mechanical parts to rectify a
fluid flow. Despite their innovative design, TVs were initially overlooked as a technology without significant use and
were considered a forgotten technology for many years Bl However, in recent years, researchers have explored
the potential of TVs in various applications, particularly in microfluidics. TVs have been useful in situations where
low flow rates are required or in microfluidic devices where moving parts can cause complications or reduce the

device’s overall efficiency.

Interestingly, the TV phenomenon has also been found in nature. The physical mechanism of the TV has been
noted in the spiral intestine of sharks, skates, and rays where its natural design crucially reinforces nutrient
absorption because of the higher friction between the dissolved meals and the spiral intestine walls B8, This
natural TV-like geometry in these species significantly provides greater surface area for the process of nutrient

absorption and digestion.
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Besides the shark’s spiral intestine, the TV structure has also been resemblant to the turtle’s lung anatomy 8],
The lung is composed of four large lateral chambers and several smaller medical chambers. There is a broad
intrapulmonary bronchus that traverses the lung in a zigzag pattern, supporting the total respiratory physiology. The
natural occurrence of TV geometry has inspired various microfluidic configurations, aiming to harness the efficiency

of a gas or fluidic transport and manipulation for several applications.

Using TV microchannels has been essential in a variety of applications, including as a valve, flow resistance, and
micromixer because of their unique asymmetrical flow direction 2L One of the key advantages of using a TV
channel as a passive component in a microfluidic system is its integration with a channel in a plane dimension.
This means that only a single-layer fabrication step is required in soft lithography fabrication, resulting in a simpler
and more cost-effective manufacturing process. Another significant advantage of the TV channel is its reliability, as
it does not require any moving parts, such as membranes, cantilevers, or spherical balls, which can be prone to
mechanical failure 2912l Thijs robustness and durability make the TV channel an attractive option for microfluidic
devices, particularly those intended for harsh or demanding environments. Recent advancements in artificial
intelligence and machine learning have opened new opportunities for the optimization and customization of TV
microchannels for specific applications. By using algorithms and simulations, researchers can design and optimize
TV channels with tailored properties, such as flow resistance and valve function, to meet specific requirements and
enhance the overall efficiency of microfluidic devices. This integration of artificial intelligence (Al) and TV
technology is expected to lead to further breakthroughs in microfluidics, enabling the development of highly

efficient and reliable devices for a wide range of applications.

Besides its advantages over traditional valve designs, the Tesla valve has been found to offer a more
comprehensive range of flow rates, with a constant diodicity in higher fluid flow rates 131, when compared to other
passive valve designs, such as wing arrays. This unique feature of the Tesla valve makes it universally applicable
for a wide range of applications, including in fuel cell devices for the gas flow of hydrogen decompression [4115],
The diodicity performance of the TV channel can be further optimized by employing different periodicity and
curvature designs of the structures [BIl18] Researchers have explored various design strategies to enhance the
performance of the TV channel, such as by altering the spiral angle or introducing modifications to the channel
geometry. These madifications can lead to significant improvements in the diodicity performance of the channel,

increasing its overall efficiency and effectiveness.

Passive components, such as the TV channel, are acquiring increased attention in microfluidics and nanofluidics
as they offer several advantages 1118 These components are cost-effective and can be easily integrated with
sensors, making them more attractive for research and development. Passive components have disposable
features, which are useful in applications where contamination or cross-contamination can cause issues. Another
advantage of passive components is their smaller footprint, making them suitable for micro-scale devices. These
components also have a simple control operation, which can help reduce complexity in microfluidic systems 1220
TVs have been studied for their use as passive components in microfluidics because of their straightforward design
and effective fluidic control. In microfluidic devices, precise control over fluid flow is essential for numerous

applications, including chemical and biological analysis, drug delivery, and microscale energy devices. TVs provide
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a straightforward and efficient solution for fluidic control as they can regulate flow with no external power or moving

parts.

| 2. TV Performances

The flow rate of a TV refers to the amount of fluid that can pass through the valve per unit of time. This parameter
is critical in evaluating the valve’s performance since it determines the rate of fluid flow and, consequently, the
efficiency of the valve. The pressure drop, on the other hand, refers to the decrease in pressure that occurs as fluid
flows through the valve. The pressure drop is essential in determining the valve’s energy efficiency as it determines
the amount of energy required to move fluid through the valve. Finally, diodicity refers to the valve’s ability to rectify
fluid flow, allowing fluid to flow in one direction while restricting it in the opposite direction. This parameter is crucial
in determining the valve’'s suitability for different applications since some applications require unidirectional flow
while others require bidirectional flow. Therefore, by evaluating these parameters, one can determine the

effectiveness of the TV and its suitability for different applications.

2.1. Flow Rate

A TV's flow rate (F) refers to the volume of fluid that can pass through it per unit of time. The typical flow rate in a
TV depends on numerous factors, such as the valve’'s dimensions, the fluid properties, and the pressure difference
across the valve. However, TVs have been shown to have higher flow rates than traditional check valves,
especially at low Reynolds numbers. The flow rate can vary from a few milliliters per minute to several liters per
minute, depending on the valve’s design and the application. For example, in microfluidic applications, the flow rate
may be as low as a few microliters per minute. In contrast, in industrial applications, it can be several liters per
minute or even higher. The flow rate of a TV can be measured experimentally using flow sensors or calculated
using computational fluid dynamics simulations. It can be expressed:
F=Vit(@1)

where F is the flow rate, V is the volume that passes the channel, and t is the time required to pass the volume of

the liquid.

2.2. Pressure Drop

The pressure (P) drop across a TV refers to the difference in pressure between the inlet and outlet of the valve (18]
(21, Typically, a high-pressure drop will be in the forward flow compared to the reverse flow. TV has been shown to
have higher pressure drops than traditional check valves, which makes them suitable for fluidic rectification

applications.

The pressure drop in a TV is typically lower than in a check valve, especially at low Reynolds numbers. In a

traditional check valve, the pressure drop is primarily caused by the valve disc’s weight and the spring tension that
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keeps it closed. This pressure drop can lead to a significant energy loss, especially in applications that require high

flow rates.

On the other hand, TVs rely on the fluid’s inherent properties to create the unidirectional flow. They do not have any
moving parts, so the pressure drop is mainly because of the fluid's viscosity and the valve’s geometric features.
This results in a lower pressure drop and a more efficient flow compared to traditional check valves. The
asymmetric geometry of the TV leads to a higher-pressure recovery, so the pressure after the valve is close to the

inlet pressure compared to a check valve.

One way to define the efficiency in TV is the ratio of the pressure drop across the valve to the pressure drop in an
equivalent straight channel. Both channels can be fabricated and connected in a single flow. This ratio is known as
the pressure recovery factor (PRF) and can be expressed mathematically as:

PRF = P,IPg (2)

where P, is the pressure drop across the TV and Py is the pressure drop in an equivalent straight channel of the

same length and cross-sectional area. A higher PRF indicates better efficiency to reduce pressure drop.

2.3. Diodicity

The diodicity factor drives the performance of TV Bl Diodicity refers to the directional flow behavior of a TV.
When fluid flows in one direction through a TV, it experiences high resistance because of its complex geometry,
creating a series of vortex-like flow structures that impede the fluid’s progress [22. However, when fluid flows in the
opposite direction, it encounters much lower resistance and can easily flow through the valve. This directional flow
behavior is like that of a diode in electronics, which allows current to flow in one direction but blocks it in the other.
With TVs, this diodicity allows them to be used as passive components in microfluidic devices for controlling flow
direction and preventing backflow. For example, TVs have been used as passive flow controllers in microfluidic
mixers, where they help to ensure that fluids flow in the correct direction to achieve efficient mixing. They have also
been used in microscale pumps to regulate fluid flow through the device and prevent backflow. Overall, the
diodicity of TVs makes them a useful tool for controlling fluid flow in microfluidic devices, offering a simple and
effective means of achieving directional flow control with no active components or external power sources. The
diodicity of a TV can be expressed mathematically by the following equation:
D = Py/P¢(3)

where D is the diodicity, Ps is the pressure drop during forward flow, and Py, is the pressure drop during backward
flow. The diodicity value typically ranges from one to two, where a value of one indicates that the valve has no
diodicity and allows equal flow in both directions. A value larger than one indicates diodicity behavior, where flow

occurs in only one direction. A higher diodicity value indicates a stronger preference for forward flow [2€].

Reynold’s number (Re) significantly influences the diodicity of the TV. The diodicity can work in practice only when
the Reynolds number is larger than one. If the Reynolds number becomes close to unity, the flow is typically

reversible, and the TV structure shows the same pressure drop in both directions. Nguyen et al. reported a strong
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correlation between Re and Di in the TV fluidics 2. The higher the Re, the Di also increases. It means in the

exceptionally low flow rate, the TV works as a fully reversible channel.

| 3. TV Design

Over the years, researchers have explored various applications of TVs in microfluidic devices. These applications
have resulted in numerous designs of TV structures, which have been documented in the literature. The different
TV designs have been classified into three categories: single-stage TV (STV), multistage TV (MSTV), and TV-
derivative (TVD) structures. The STV design features a single valve, while the MSTV design comprises multiple
valves that are arranged in series or parallel to increase their effectiveness. The TVD structures, on the other hand,
are based on the principles of the TV but have been modified to improve their performance or suit specific
applications. The categorization of TV designs is important in understanding the assorted options available for

researchers and engineers when developing microfluidic devices that incorporate TVs.

3.1. Single-Stage TV (STV)

STV design is the most straightforward TV structure and is widely used in microfluidics devices because of its
simplicity and ease of fabrication [121[23124][25][26][27][28][29][30][31][32] |t comprises a non-periodic single tesla pattern
connected to a microfluidic channel. The main advantage of this design is that it can be optimized with various
angles and curvatures to achieve the desired flow characteristics 2. For instance, the angle of the TV'’s sidewalls
can be optimized to achieve a high diodicity while maintaining a low-pressure drop. The curvature of the structure
can also be optimized to achieve a higher diodicity at low Reynolds numbers. Lam et al. reported that the proposed
STV on each channel was tested with an average inflow velocity of 0.1667 ms™, which is equivalent to a flow rate
of 0.6 mL/min based on the valve’s dimensions. Both forward and backward flow cases were tested, and the
simulation showed that the pressure drop was higher for backward flow (440.9 kPa) than for forward flow (383
kPa). The TVs in the mixing module array effectively eliminated net backward flow generated from fluidic oscillation
during active mechanical mixing 4. Thompson et al. presented STV application in an oscillating heat pipe (OHP)
and enhanced the reduction in thermal resistance by around 15-25%, depending on the power input. Their
research suggested that TV is a promising approach to achieve circulatory flow rectification in an OHP, but further

research is required to optimize the valve design, quantity, and alignment

3.2. Multi-Stage TV (MSTV)

In contrast, the MSTV design comprises multiple single-stage TV structures connected in series [L4[271[34][35][36](37]
(38][39][40][41][42][43][44][45][46][47][48][491[SOI[51I[52][53I[54][55] - Several MSTVs with optimized microfluidic dimensions have

been reported in the literature, ranging from symmetrical to asymmetrical designs for different purposes B4, For
instance, an asymmetrical MSTV can enhance the diodicity performance in the forward direction while minimizing
the pressure drop in the reverse direction. The multistage TV can be constructed with a single high-throughput
channel or with multiple smaller channels for specific applications, such as particle separation or mixing B8IE7,

Wang et al. presented flexible MSTV with a mold fabricated by 3D printing. The proposed MSTV micromixer has
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been found to enhance the mixing efficiency significantly to 87%. After conducting an experiment with four different
groove structures and varying flow rates, it was observed that one type of the MSTV micromixer can achieve a
mixing efficiency of up to 89% when the flow rate is 2 mL/min. These findings suggest that the TV design can
efficiently improve the mixing process 4., Lu et al. presented multichannel MSTV for cooling system in a battery.
The results of the MSTV optimization indicate that the reverse TV-type channel cold plate is effective when the
angle is set at 120°, the distance between adjacent TVs is 23.1 mm, the distance between adjacent channels is 28
mm and the coolant inlet velocity is 0.83 m/s. This configuration balances heat exchange performance and energy
consumption, while keeping the maximum battery temperature under 30.5 °C and minimizing the pressure drop
across the channels B8 Overall, the multistage TV design offers higher diodicity performance compared to the

single-stage TV design, making it more suitable for complex microfluidic applications 58],

3.3. TV Derivative Design (TVD)

The third design is the TV derivatives (TVD), inspired by the original TV microchannel and its basic principle with
improvised shapes or stages [1811221[40159](60]61] Bohm et al. presented TVD with optimized structures that exhibit a
diodicity of 1.8 even at low flow rates of 20 pL/s, which is equivalent to a Reynolds number of 36. Lin et al.
demonstrated a computational algorithm to construct a TVD geometry for a three-dimensional (3D) printing process
(22 With the massive growth of computer-aided design (CAD) techniques, TVD designs were also reported to
predict the design’s performance in the experimental analysis of the tested device. Lin et al. reported TVD to
maximize diodicity, with a principle to minimize forward dissipation and maximize reverse dissipation. Although
previous research has focused on minimizing dissipation for topology optimization of fluids, maximizing dissipation
poses difficulties because of the small, mesh-dependent flow channels and the numerical preference for artificial
flow in solid regions. To overcome these challenges, they demonstrate a projection method to control the minimum
length scale of channels, and an extra penalty term is introduced to regulate the flow through intermediate
porosities. Various solutions are proposed, and one of them is fabricated by 3D printing and experimentally tested

to demonstrate its diode-like behavior [22],

Shalabi et al. successfully performed the sealing of the capacitive sensor unit using a TVD design. The TVs were
integrated with dead-end channels to control the seal and release flow from the pressure response 62 The TV in
their research uses teardrop-shaped loops to create a one-way flow of fluids and has been commonly used in

microfluidic devices.

| 4. Recent Trends and Applications

According to the literature review on TV microchannels, applications can be categorized in several areas:
unidirectional flow components in microdevices, micromixers, cooling or heating microsystems, and renewable

energy devices, such as battery and fuel cell applications.

4.1. Unidirectional Flow Components
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The TV microchannels were used in the forward modes for unidirectional flow components in the microdevices.
The principal aim of this configuration is to avoid the backflow of the fluids. The straightforward application in this
part is in the micropump devices 231331381 ya0 et al. demonstrated the TV microchannel for the piezoelectric pump.
A single-stage TV is in the inlet and outlet of the piezoelectric house, respectively, for a reverse diversion channel
(311 Not only that, but notable research also reported on the application of TV microfluidics for sealing the collected
sweat at wearable devices and integrating it into a colorimetry sensor. The study proposed utilization of the Tesla
microvalve to prevent reflux and outside air and to apply it to a wearable sweat collecting device. Holding to the
concept that TV generates diodicity at low flow rates, a forward and reverse TV was employed at the inlet and
outlet of the sweat collector to reduce the reflux and external oxygen. The study concluded that paper-based
glucose and pH sensing in a wearable device with portable photoelectric detector was the potential for colorimetric
analysis. The long-lasting design of the microfluidic sweat acquisition chip offers new perspectives for the design of
wearable sensors and detection approaches (29,

Shalabi et al. proved that TV-inspired microchannels exhibit an excellent ability to manage a responsive capacitive
sensor’s release and sealing mechanisms and to protect the sensing membrane 2. The cavity was completely
clear from any sealants; therefore, a facile ohmic contact was created between the membrane and the individual
switch. The sacrificial layer was dissolved as the membrane was released toward the shortest channel in the
opposite direction of the TV. The cavity was sealed with Parylene C that blocked the channels. The parylene
molecules in the vapor phase flowed into the channel, passing through the multiple TV and returned to the main
channel facing the forward molecular movement. As a result, parylene trapping by the valves and deposition on to
the channel wall hindering the forward flow occurred. In between the valves, “sponges” or dead-end paths were
added to enlarge the inner surface area in the channel. They also facilitated the adhesion of the parylene that had
a tendency to leave the TV to the channel wall before the cavity. A complete blockage of the microchannel to attain

optimized vacuum sealing at the sensor cavity was realized through this mechanism 621,

4.2. Micromixer

Micromixer components are a tremendous trend in the microfluidics field. Two or more solutions from inlets were
mixed in microchannels and resulted in a single outlet. One of the important parameters for micromixer device is

the degree of mixing (dm); this can be expressed as:
om =1 - (0p/Omax) (4)

where 9, is the standard deviation of the volumetric flow and &, is the maximum value of d,, which is obtained
for two completely separated flows. Consequently, the dm value will be between 0 and 1 2. Another term, mixing
efficiency, sometimes is used interchangeably with the degree of mixing to evaluate the micromixer performance.
Mixing efficiency is given in percentage value between 0 and 100%.

Micromixer channels application using TV microfluidics were reported in the literature [LUILL[34][54][63][64][65] The

micromixer harnesses the channel’s reverse flow and enhances the mixing in the conjunction channels, especially
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using multistage TV. Wang et al. reported, under a specific condition, the mixing efficiency using MSTV can be up
to 99% (84, The enhanced mixing efficiency can be attributed to the liquid passing through the diversion port, which
forms two separate liquid streams that subsequently remix and generate secondary flow and local vortex. The
alteration of fluid direction as it flows through the bend results in the collision of the two liquids, significantly

improving the mixing efficiency.

One of the diluted materials for mixing solutions in TV devices is nanoparticles 4263l | josis et al. presented a
simulated study of Fe304 micromixer using TV. The simulations focused on nanopatrticle inlet rates and velocity
ratios, with the forward flow chosen for the analysis. The simulations’ visualizations indicated that uniform
nanoparticle distribution was achieved in the micromixer at a velocity ratio of Vp/Vc = 20. The micromixer’s mixing
efficiency was found to be 63% at Re = 0.62 with two Tesla units and nanoparticles occupied a significant portion of
the micromixer’'s height and width near the exit. Inlet rates were identified as crucial in determining mixing
efficiency for lower velocity ratios. The velocity ratio was identified as the decisive factor in mixing efficiency, with
increased value resulting in improved performance. Although the nanoparticle diameter’s increase from 13.5 to 27
nm had no significant effect on the mixing efficiency, further simulations are required to test for different diameters
(631 Michalska et al. demonstrated the using of TV for mixing NiO nanoparticles for organic solar cell fabrication 42!,
The approach involves using NiO nanoparticles (NPs) modified with either 4-hydroxy benzoic acid (HBA) or
trimethyloxonium tetrafluoroborate (Me3OBF4) ligands in combination with a Tesla-valve microfluidic mixer. The
resulting NP dispersions and thin films are characterized using various techniques, including optical, structural,
thermal, chemical, and electrical methods. The ligand-exchanged NiO NPs retain their optical and structural
properties, similar to those with native long-chained aliphatic ligands. However, the ligand modified NiO thin films

exhibit reduced surface energy and increased hole mobilities 42!,

Wang et al. with the MSTV structures demonstrated the mixing application for food science 24l In the experiment
conducted using a TV micromixer, the effect of purple litmus reagent and white vinegar was presented. It was
observed that the final solution formed was red, indicating the acidic nature of white vinegar. The gray value was
analyzed and the mixing efficiency was calculated, showing that as the mixing time increased, the mixing efficiency
gradually improved. The highest mixing efficiency of 0.893 was observed in a particular location. The results were
further analyzed using fitting and the value of R? was found to be 0.986, indicating a linear increase in mixing

efficiency as time went by 341,

Guo et al. developed a 3D micromixer with four integrated TVs to mix the solutions uniformly 4. To evaluate the
performance of the micromixer, numerical, simulations and experiments were conducted. The study demonstrated
that repeated separation and solution integration in TV triggered planar transverse diffusion, which enhanced the
mixing process. Subsequently, turning the two mixing units, specifically at the connections, disturbed the flow,
which prolonged and deformed the contact interfaces. This phenomenon leads to the mixing efficiency
enhancement. As the flow rates and polymer concentrations were adjusted, a mixing efficiency of >86.96% with
flow rates over 500 pL/min (Re = 1.1), and >89.98% for viscoelastic solutions with PEO concentrations ranging
from 0 to 500 ppm (Re = 0.7-1.3) were achieved. This micromixing protocol showed outstanding results in chitosan

nanoparticles synthesis (diameter ranging from 40 to 190 nm). This micromixing method was more effective in
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yielding a more uniform and narrow size distribution of the particle than the typical chemical route of nanoparticle
synthesis 34!,

4.3. Thermal Manipulation System

Recently published works denoted the potential of TV microchannels for the cooling system and thermal
manipulation B2IBSIEI6EIEY  Several researchers reported a cooling system for lithium-ion batteries using a TV
microchannel “8I38I67] Because of its bifurcated structure, the TV-type channel cold plate had superior heat
exchange performance and temperature uniformity, especially under strong heat flux. At a flow velocity of 0.8 m/s,
the maximum temperature (Tmax) of the RTV-type channel was reduced by 3.4 °C and 4.4 °C compared to the
FTV-type and Z-type, respectively, at the expense of pressure drop (AP). Furthermore, the temperature difference
(AT) was also lowered by 32% and 39%, respectively. Through multi-objective optimization, an RTV-type channel
cold plate with a of 120°, L of 23.1 mm, B of 28 mm, and v of 0.83 m/s achieved a good balance between heat
exchange performance and energy consumption. The optimized cooling system maintained a maximum battery
temperature below 30.5 °C while keeping a low channel pressure drop. The corresponding values for Tmax, AT,
and AP were 30.478 °C, 5.486 °C, and 9475 Pa, respectively (6],

On the other hand, the TV structures were used for heat-pipe applications 28128158168 | sych applications, the TV
channels control circulatory flow and block the reversed flow at higher heat inputs 89, Rui et al. proposed a TV
microchannel to control the flow of heat dissipation for thermal management in electronic devices B2, The study
compares two microchannels: with MCTV and microchannel with sector bump (MCSB). The study examined the
impact of mass flow rate, inlet temperature, and heat flux on flow boiling in two microchannel structures and
identified the more effective structure for heat dissipation and cooling systems. The findings indicate that both
microchannels provide stable boiling states and experience pressure drop fluctuations of 0.8% to 3.9%. However,
the MCSB structure demonstrated a 45% higher heat transfer coefficient and a 25% lower pressure drop than the
MCTYV structure on average. The MCSB structure had a larger effective heat flux for the onset of nucleate boiling
(ONB) compared with the MCTV structure. Overall, the study concludes that the MCSB structure has superior
thermal-hydraulic performance in flow boiling processes than the MCTV structure, and a proper correlation has

been selected and adjusted to predict the heat transfer coefficient of both microchannels 2,

4.4. Energy Devices

Currently, more reports apply TV microchannels to control the fluidic flow on the energy devices, such as batteries
(48561671 fye| cells 14131431701 and bioreactors 1, As described in the previous subsection, the TV microchannels
in battery devices were primarily used as the cooling system to dissipate the heat from the battery during operation
effectively. TV microchannels were proposed in fuel cell devices to control the flow from hydrogen decompression
(241[15]43] ' An interesting study on the hydrogen flow through the MSTV during the decompression process in a fuel
cell was demonstrated by Qian and coworkers. They focused on comprehending the velocity, temperature, and
pressure characteristics under different MSTVs. The setup included the turbulent flow with the inlet and outlet

pressure ratio ranging from 1.05 to 2.4. It was revealed that when the hydrogen was flowing toward the outlet,
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pressure reduction and minimum pressure recovery occurred. After the liquid passing at the intersection of the
bend and straight channels at each stage, low-pressure, low-temperature regions, and jet impingement were likely
to happen. In the last stage, minimum pressure and maximum velocity were observed simultaneously. When a
small stage number was applied. The velocity surpassed the local acoustic speed in a high-pressure ratio. A power
law had been associated with the stage number and pressure ratio in the MSTV flow rate. These findings can aid
designing and selecting Tesla valves and the number of stages required for hydrogen fuel cell applications. Using

pressure-reducing valves can be minimized 24!,

Lu et al. attested to the potential use of multistage TV for a proton exchange membrane fuel cell (PEMFC). MSTV
channels outperform the conventional serpentine flow field (CSFF) and conventional parallel flow field (CPFF) in
terms of the oxygen mass fraction in the cathode GDL/CL interface 9. This research group demonstrated
numerical and experimental analyses to learn the transport characteristics of the direction correlated MSTV flow
field. They emphasized to discriminate the transport characteristics of the forward (MSTV-F) and reverse flow
(MSTV-R) of MSTV. A simulation study confirmed the versatility of the MSTV where in both MSTV-R and MSTV-F,
the velocity flow surpassed the CPFF by 24.17% and 13.61%, respectively, triggering the higher reactant diffusion
that moved toward the gas diffusion layer (GDL). There was a relatively lighter drop in pressure in MSTV-R and
MSTV-F in CSFF and a higher net power density than in both CPFF and CSFF. To optimize the net power
regardless of the conditions, the inlet commutation strategy had been regarded as a potential solution. More
homogenous current density distribution of MSTV-R flow field was typical in a high-load chip. This is essential since

this behavior could attenuate the local fuel starvation in PEMFC.

4.5. Lab on a Chip and Chemosensors

The world health organization (WHO) defined the requirement of biochemical sensor to be ASSURED: affordable,
sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable to end users 29. As a passive
component that rely on the design topology without any moving parts, a TV based channel will be compatible with
the aspect of affordability because of the low-cost fabrication, robustness, and equipment free to control the valves

because there are no actuators.

Fully disposable sample preparation and labeling on a chip as presented by Prabowo et al. 8471 js also potentially
developed using TV for the microchannels to enhance mixing and avoid back flow when capillarity attraction is
saturated. Another potency of TV is in the organ on chip devices Z2[Z3l TV can mimic the liver on a chip to control
a stable flow of fluid through the liver tissue, allowing for the study of drug metabolism and toxicity such as that

introduced in the previous literature 241731,

Besides these applications, TV can also be used for other biomedical purposes such as drug delivery, cell sorting,
and biosensing 8. TV can offer precise control of fluid flow and direction in microfluidic systems, enabling
accurate delivery of drugs or biomolecules to target cells or tissues. TV can also facilitate the separation and
isolation of different cells based on their physical or biochemical properties, such as size, shape, density, or affinity.

TV can also enhance the sensitivity and specificity of biosensors by regulating the transport and reaction of analyte
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and reagents in microchannels. These advantages of TV make it a promising technology for biomedical devices

that require high performance and functionality.

Moreover, for chemosensor applications, the ion trapping microfluidics A8 gre promising to implement the TV

for the flow management of the sample. TV can control the certain flow rate and the direction for the specific

sample flow. For specific methods such as ion concentration polarization (ICP), ion selective polymers can be

combined with the TV channels to manipulate ion trapping or particle trapping because of charge differentiation 7
(80][81]
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