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Abstract

This study presents the development of a pumpless unidirectional perfusion system utilising Tesla Valves (TV’s) combined
with a rocking platform to model physiological blood flow within a Vessel-on-Chip (VOC) model. Overcoming limitations
related to traditional pump and pumpless based perfusion methods, the system utilises TV's to achieve flow through the VOC
without moving parts, improving simplicity, cost efficiency, and miniaturisation. Multiple TV designs were characterised by
measuring flow rates at specific applied pressure drops, evaluating the most effective design based on diodicity. The optimised
TV was combined into a VOC model, resulting in a system consisting of two reservoirs connected by a VOC channel and
a TV channel. The system is modelled with the hydraulic electrical analogy to estimate backflow and Wall Shear Stress
(WSS) on the VOC. The calculations demonstrate that while the system generates the required pressure drop and WSS to
model liver sinusoidal endothelial cells, it presents considerable backflow, preventing unidirectional flow. Consequently, the
system is unsuitable for organ-on-chip (OOC) models requiring unidirectional flows. Future improvements should focus on
reducing backflow, potentially through improving the geometry of the TV or implementing additional TV'’s in the VOC
channel. This research establishes a foundation for utilising TV pumpless perfusion systems with potential advantages in
miniaturisation and operational simplicity, contributing to the advancement of microfluidic organ models.

Deze studie beschrijft de ontwikkeling van een pomploos unidirectioneel perfusie systeem waarbij Tesla kleppen (TV's)
worden gecombineerd met een kantelplatform om de fysiologische bloedstroom binnen een Vessel-On-Chip (VOC) model
na te bootsen. Om beperkingen van traditionele pomp- en pomploze perfusiemethoden te overwinnen, maakt het systeem
gebruik van TV’s om stroming door de VOC te realiseren. Deze methode geeft geen bewegende delen, wat resulteert in
een operationele eenvoud, kosten efficiéntie en miniaturisatie. Meerdere TV ontwerpen werden gekarakteriseerd door het
meten van debieten bij specifieke drukverschillen, waarbij het meest effectieve ontwerp werd geselecteerd op basis van
diodiciteit. De geoptimaliseerde TV werd geintegreerd in het VOC model, wat resulteerde in een systeem bestaande uit
twee reservoirs die verbonden zijn via een VOC kanaal en een TV kanaal. Het systeem werd gemodelleerd met behulp
van de hydraulisch-elektrische analogie om terugstroom en wand schuifspanning (WSS) in de VOC te berekenen. Deze
berekeningen tonen aan dat het systeem de vereiste drukval en WSS kan genereren om lever sinusoidale endotheelcellen te
modelleren, maar het systeem genereerd ook een aanzienlijke terugstroom, waardoor er geen unidirectionele stroming kan
plaatsvinden. Hierdoor is het systeem ongeschikt voor Organ-On-Chip (OOC) modellen die unidirectionele stromingen
vereisen. Toekomstige verbeteringen zouden zich moeten richten op het verminderen van terugstroom in de VOC, mogelijk
door het optimaliseren van de geometrie van de TV of door het implementeren van extra TV’s in het VOC kanaal. Dit
onderzoek legt een basis voor het gebruik van pomploze perfusie systemen met TV'’s, met potenti¢le voordelen op het gebied
van miniaturisatie en operationele eenvoud, en draagt bij aan de ontwikkeling van microfluidische orgaanmodellen.

Introduction

Organ-On-Chip (OOC) models show great promise
in modeling the function of human organs and tissue
in vitro [1]. These models combine microfluidics and
cell biology and can serve multiple purposes. One of
these is to gain a deeper understanding of the physi-

ological processes in the human body and of diseases
[2]. For example, OOC models can be used to study
the formation of cancer metastasis, allowing the de-
velopment of anti-metastasis treatment [3]. Another
application of OOC models is in the pharmaceuti-
cal industry, and particularly in drug development
and testing. Furthermore, OOC models can serve as
an alternative to animal testing due to a more accu-



rate representation of the human physiology versus
animals [4, 5].

An important factor to consider in OOC models
is perfusion as for instance within blood vessels to
provide nutrition to the cells [6]. In vivo, perfusion
is continuous and unidirectional through a blood
vessel and creates a Wall Shear Stress (WSS) on the
endothelial cells. The WSS is crucial for the controlled
permeability of the blood vessel, the morphology
and function of the endothelial cells. An accurate
representation of the physiological WSS within the
OOC model is crucial as the WSS is optimized for
each tissue/organ [7, 8, 9].

Existing techniques for achieving constant unidi-
rectional perfusion rely on pressure controlled pump-
based systems (peristaltic or syringe pumps) [10].
However, these setups require external tubing and
demand a large space. To overcome these limita-
tions, pumpless systems that mostly utilise gravity-
driven flow have been developed [11]. Unfortunately,
these systems require frequent manual refills, which
increases the labour intensity for long-term experi-
ments [11]. As an alternative, pumpless strategies
based on rocking platforms have been developed.
The rocking platform generates a flow through the
channel by using the height difference between two
reservoirs [12]. A limitation for these systems is that
they are mostly not unidirectional, and tend to be
bulky, as they are not simple PDMS-glass devices,
which may be preferable in certain applications such
as cell imaging [13].

A potential solution to reduce these limitations is
the use of a Tesla Valve (TV) in combination with
a rocking platform. A TV is a passive valve that
contains no moving parts, making it cost-efficient,
ideal for compact systems and easy to fabricate [14].
Its asymmetric geometry allows the fluid in a TV
to easily flow in one direction (forward flow), while
simultaneously restricting flow in the opposite di-
rection (reverse flow), as shown in Figure 1. The
functionality of TV’s has been tested at microfluidic
scale, and utilised within sweat collection devices to
prevent backflow [15, 16]. However, their use in OOC
research remains limited.

This study describes the development of a pump-
less unidirectional perfusion system, utilising a com-
bination of TV’s and a rocking platform. Their diod-
icity is to be evaluated through the determination
of the flow rate through the TV at various pressure
drops in both a reverse and forward flow configura-
tion. Subsequently, the most promising design is to
be embedded in a Vessel-On-Chip (VOC) model to
analyse the possible backflow during forward flow
through the hydraulic-electrical analogy. This anal-
ogy describes the connection between a hydraulic

Forward flow

Figure 1: The principle of Tesla valves: during forward flow
(A), the fluid moves easily through the main channel, whereas
in reverse flow (B) it becomes restricted, as the fluid is directed
through the side loops. This figure is based on [17] and has been
adapted using www.BioRender.com.

system and an electric circuit, resulting in the ability
to model fluidic behaviour using electrical compo-
nents. Lastly, the hydraulic-electrical analogy is to be
applied to evaluate whether the system can model
liver sinusoid endothelia, where the WSS ranges from
0.1 to 0.5 dyn/cm? [18, 19].

Technical framework

Tesla Valve

The performance of a TV can be determined by cal-
culating the diodicity (Di), where the Di is the ratio
between the forward flow rate (Qf) and the reverse
flow rate (Q,) measured at the same applied pressure

drop (AP):
. Qf)
Di= (= 1
(@) W

ATV is considered to work when Di > 1, indicating
that the TV provides greater resistance in the reverse
direction, as shown by a lower Q,. In other words the
reverse hydraulic resistance (R,) is higher than the
forward hydraulic resistance (Rs). While a higher Di
means a more effective TV, therefore, it is desirable to
design a TV with the highest possible Di [20, 21]. A
Di higher then 2 is preferred for practical applications
[22]. Unfortunately, due to the small scale and the
low flow rate in OOC models, the Di is estimated to
be between 1 and 2 depending on the TV design [23].

The geometry of a TV has a significant impact
on the Di [24]. A schematic representation of a TV
is shown in Figure 2. Here, the TV’s parameters
are defined as, w (the width of the loop, in mm), 4
(the width of the main channel in the loop, in mm),
Tl00p (the radius of the loop, in mm), x (the width of
the main channel outside the loop, 0.5 mm), H (the
height of the channel and loop, 0.5 mm), « (the angle



of the loop, 60 °) and n (the number of loops, 3). In
this study, parameters w, d and r,,, are varied to
optimise the TV’s Di. Table 1 summarises the values
of the altered parameters and their expected impact
on the Di in comparison with design 1 [24, 25, 26].
Each design was based on TV design 1 (w = 0.5 mm,
d = 0.5 mm and r = 1.25 mm), which is inspired
by existing literature and scaled down accordingly
(Figure 2A) [16, 26, 27], with the exception of design
2, which is based of a GMF TV model (Figure 2B).
The main difference between these models is the
shape of the loop, with the return angle at the end
of the loop being larger in the GMF model (Figure 2).
This TV model has been chosen as a parameter due
to its promising results in previous studies [25, 26].
The values of the parameters corresponds to those
specified in their SOLIDWORKS 2024 design.

A)

Figure 2: A schematic visualisation of the parameters of the loop
in the Tesla Valve designs. A) The TV design used for designs
1, 3 and 4. B) The GMF Tesla Valve design used for design 2.
With w the width of the loop, d the width of the main channel in
the loop, r the radius of the loop, « the angle of the loop and x
the width of the main channels outside the loops. This figure is
based on [26], and adapted using www.Biorender.com.

Table 1: Values of the varied parameters for each TV design
tested in this study, and their impact on Di in comparison with
design 1.

| Design w (mm) d(mm) 14, (mm) Di ||
1 0.5 0.5 1.25 —
2 0.62 0.5 1.05 T
3 05 0.3 125 1
4 0.75 0.5 1.25 0

In addition to the geometry, the Reynolds number
(Re) of the flow also impacts the Di of the TV. The
Re predicts the behavior of a flow. When Re > 4000,

the flow is turbulent, characterised by chaotic and
unpredictable movement. For Re < 2000, the flow
is laminar, meaning that the fluid travels in paral-
lel layers without mixing. When Re « 1, there is a
so-called creeping flow, resulting in a flow where vis-
cous forces dominate inertial forces. In OOC models,
the Re is typically low due to its small scale and low
flow rates, resulting in a laminar of even creeping
flow. Several studies show that Di tends to decrease
with decreasing Re, (Di of 1.05 at Re of 100, and Di
of 1.1 at Re of 150 [28, 29]). Although TV’s can still
operate at a low Re, it is important that Re does not
drop significantly below 1. If this occurs, creeping
flow conditions (viscous forces) dominate, resulting
in a Di going to 1, meaning that the effectiveness of
a TV significantly reduces [23].
Re can be estimated as follows:

_Dp-v-p
H

Where: Dy, is the hydraulic diameter of the channel
(in m), p is the fluid density (in kg/m3), v is the flow
velocity (in m/s) and y is the dynamic fluid viscosity
(in Pa- s).

Re ()

Rocking platform

A rocking platform is a mechanical device that al-
ternatively raises and lowers the opposite sides of
a flat surface. When a system, existing of two fluid
reservoirs connected with a channel, is put on a rock-
ing platform, the fluid level in one reservoir becomes
higher than the other one. This height difference
(Ah) results in a hydrostatic pressure difference (APy)
between the fluids in the reservoirs. According to the
hydrostatic principle, the fluid flows from the reser-
voir with the higher fluid level to the lower one until
equilibrium is reached. The hydrostatic pressure can
be expressed as:

AP, =Ah-p-g 3)

Where: p is the density of the fluid (in kg/m?3) and
¢ is the gravitational acceleration (9.81 m/s?).

As mentioned before, when to accurately model
physiological conditions, it is important to maintain
a constant WSS within a specific range. However,
Equation 3 shows that decreasing Ah, results in a
decreasing AP, which in turn decreases the flow rate
and consequently the WSS in the VOC. This may re-
sult in a WSS that falls outside the desired range. To
prevent this, the tilting duration and tilting angle of
the rocking platform can be adjusted accordingly. By
combining equation 3 with the distance between the
reservoirs (I, in m), the angle of the rocking platform
can be determined for certain pressure drops.



The angle of the rocking plate can be expressed as:

() e

Full system

The full concept for the proposed pumpless perfusion
system involves two reservoirs, connected by two
channels. One channel contains the VOC model, with
a height and width of both 0.25 mm and a length
of 5.5 mm. The other channel contains 3 TV’s. The
system and all its components are illustrated and
defined in Figure 3. If the system is placed on a
rocking platform without any tilt, no flow occurs, as
shown in Figure 4A. However, when the platform
tilts to generate reverse flow, the principle of the
TV’s should ensure that R; is higher than that of the
VOC. This causes the fluid to flow through the VOC
channel, as illustrated in Figure 4B. On the other
hand, during forward flow, if R £is lower than that
of the VOC, the fluid mainly flows through the TV
channel, as shown in Figure 4C. This overall working
principle is shown in Figure 4.

TV channel

Reservoir

Reservoir

VOC channel

Figure 3: A schematic representation of the system, illustrating
the reservoirs, TV’s, TV channel, VOC, and VOC channel.

It is important to mention that not all the fluid
exclusively goes through the TV channel during the
forward flow. Some fluid still flows through the
VOC channel, resulting in a backflow. Minimising
the duration of the backflow is crucial to reduce
the time during which the cells are exposed to WSS
in the opposite direction. This can be achieved by
rapidly tilting the rocking platform to the maximum
tilt angle, at which the channels remain filled with
fluid.

Using the hydraulic-electrical analogy, the full sys-
tem can be modelled as an electric circuit (Figure 5),
where the hydraulic resistances (Rj,) of the channels
correspond to electrical resistances (R.), the pressure
drop (AP) to a voltage (V) and the flow rate (Q) to
a current (I). Knowing this relation between these
parameters, the fluid version of Ohm’s law can be
used:

AP =Ry-Q ©)

Were: AP is the pressure drop (Pa), Q is the
flow rate (m3/s) and Ry, is the hydraulic resistance
(Pa-s/ m3 )-

By expressing the full system as an electric circuit,
series and parallel principles can be used in combina-
tion with the fluid version of Ohm’s law (Equation 5)
to calculate unknown parameters for different parts
of the full system. For instance, the pressure drop
over the whole system (AP), to maintain a WSS of
0.1-0.5 dyn/ cm? on the VOC, can be calculated. The
same principles apply for the backflow in the VOC
during forward flow.

However, to be able to calculate these parameters,
the hydraulic resistances of the different parts of the
full system must be calculated. This can be done
using the Hagen-Poiseuille Equation 6-8. Equation 6
is used for channels with a rectangular cross section,
Equation 7 is used for channels with a square cross
section (H = W), and Equation 8 for channels with a
circular cross section.

12-u4-L 1

Rh,rectangular = 1—063- <%> ) 3. W (6)
12-u-L 1
Rivsuare = 70517063 1 @
8-u-L
Rh,circular = # (8)

Were: H is the height of the channel (m), W is
the width of the channel (m), L is the length of the
channel (m), u is the dynamic fluid viscosity (Pa- s)
and R is the radius of the channel (m).

Methods
Mould fabrication

The TV moulds were designed using SOLIDWORKS
2024 and subsequently fabricated via stereolithogra-
phy (SLA) using a Form 3B+ printer (Formlabs) and
Clear v4 resin. After printing, the moulds underwent
a series of post-processing steps, based on a study
of Venzac et al. [30]. In the first step, the moulds
were cleaned with isopropanol (IPA, Sigma Aldrich)
and placed in a sonicator (Formlabs) filled with IPA
for one hour. For the second step, the moulds were
transferred to an UV Curer (Formlabs, 253.7 nm) for
1 hour at 45 °C. Finally, the moulds were placed in a
dry oven (Binder) overnight at 65 °C.

Tesla Valve chip fabrication

To fabricate the full TV chips, a 10:1 (w:w) mixture of
PDMS base and curing agent (SYLGARD 184 Silicone
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Figure 4: The principle of the pumpless unidirectional perfusion system utilising a combination of TV’s and a rocking platform. A)
The system is at a equilibrium, the fluid levels in both reservoirs are equal and no flow is present. B) The fluid level in the left reservoir
is higher, resulting in a forward flow mainly through the TV channel. C) The fluid level in the right reservoir is higher, resulting in a
reverse flow mainly through the VOC channel. This figure is made using www.BioRender.com.

A) Reverse flow
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Figure 5: The hydraulic-electric analogy of the full system,
A) The electric circuit during reverse flow. B) The electric
circuit during forward flow. This figure is designed using
www.CircuitDiagram.com.

Elastomer Kit) was prepared. The PDMS mixture was
poured into the TV moulds and degassed in a vac-
uum chamber for 30 minutes. Subsequently, the filled
TV moulds were cured overnight in an oven (Binder)
at 65 °C. The PDMS TV chips were then removed
from the moulds and circular holes, 1.2 mm diameter,
were punctured at the inlet and outlet. Following
the puncturing, the PDMS TV chip and a glass slide
were placed in a plasma cleaner (henniker plasma,
HPT-200) to activate their surfaces. The activated
surface of the PDMS TV chip was pushed against
the activated surface of the glass slide, resulting in
bonding between the PDMS TV chip and the glass
slide.

Characterisation of the Tesla Valves

Prior to each test, the full TV chip (consisting of the
bonded PDMS TV chip and glass slide) was exposed

to a second plasma treatment in a plasma cleaner
(henniker plasma, HPT-200), this time to make the
channels hydrophilic rather than for bonding pur-
poses. Subsequently, the full TV chip was connected
to enable reverse flow through the TV’s, using: (i)
two Push Pull controllers (Fluigent) to regulate the
pressure difference in the setup, (ii) two fluid reser-
voirs, and (iii) one FLOW UNIT M sensor (Fluigent)
to measure the flow rate through the setup.

Once the setup was assembled, any air bubbles
present within the TV’s were manually removed by
gently pressing on the chip to expel them. A pressure
difference of 0.6 mbar was then applied across the
setup to establish a baseline flow rate of 0.0 + 0.2 u
1/min (as a base line), as measured by the flow sen-
sor. The flow rate was then measured for increasing
pressure difference steps of 0.6 mbar, occasionally
increasing to 0.7 mbar due to fluctuations within the
setup, with a minimum of 16 steps. Subsequently, the
full TV chip was reconnected to establish a forward
flow, and the same procedure was repeated. Each
TV design was tested in triplicate (n = 3). The liquid
used for the tests was deionised water at 20 ° C.

Data processing

To be able to process the data, the exact AP across
the TV’s was determined for each test. This was
achieved by expressing the measuring setup into an
electric circuit, using the hydraulic-electrical anal-
ogy (Figure 6B). Afterwards, Equation 8 was used to
calculate Ryype1, Reuve2, Ruetal, 1, Rietar2 @nd Rsensor-
Using these resistances in combination with the series
principle and Equation 5, AP across the TV’s was cal-
culated for each test. The mean Di for each TV design
was calculated using Equation 1 for each specific AP



and plotted as a diagram against the corresponding
AP .

FLOW UNIT M (Fluigent)
A)

PushPull controller I 1
=
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Figure 6: The Fluigent setup used to characterise the Telsa
Valves. A) A schematic visualisation of the used Fuigent setup,
to measure the flow rate through the Tesla Valve at the applied
pressure drops. B) The electric circuit of the used Fluigent
setup. These figures are made with www.Biorender.com and
www.CircuitDiagram.com, based on [31].

Based on the resulting Di diagram, the TV design
with the highest Di at the desired pressure drop was
selected, and its R, and R f values were calculated.
To calculate the R, the reverse flow data were used,
and for R £ the forward flow data. The R, and R 3 val-
ues were calculated using Equation 5 in combination
with the measured Q and the corresponding AP, and
plotted against the corresponding AP. Subsequently,
the plotted values of R, were used to estimate the
R; at the desired pressure drop, which in turn al-
lowed for the calculation of the total pressure drop
(APot) required to generate a wall shear stress range
of 0.1-0.5 dyn/ cm? in the VOC. APy, was then used
in Equation 3 to determine if AP could be achieved
using a rocking platform. Additionally, the Ry was
estimated at the maximum pressure drop of the full
system to calculate the WSS and duration of the back-
flow.

Dimensions of the VOC and TV design

The VOC PDMS chip and the TV design correspond-
ing to the highest Di at the desired pressure drop
were fabricated according to the procedure of the
TV chip fabrication section, excluding the bonding
to the glass slide. The dimensions of these PDMS
chips were subsequently measured using the VK-
X3000 microscope (Keyence). For both the VOC and
the TV design, the measurements were performed
in triplicate. The obtained data were analysed using
the VK-X3000 MultiFileAnalyzer software, and the
average values for the dimensions were calculated.

Results and Discussion
PDMS VOC chip dimensions

The dimensions of the VOC were measured accord-
ing to the procedure mentioned in 'Dimensions of
the VOC and TV design and were obtained as 0.26
mm (W), 0.24 mm (H) and 5.5 mm (L). These values
match closely to the dimensions that were specified
in SOLDWORKS 2024, with only minor differences,
the H is 0.01 mm smaller and the W is 0.01 mm
larger. These minor differences are unlikely to have
a significant impact on the hydraulic performance of
the system, however, these measured dimensions are
used for the future calculations to ensure accuracy.

Pressure drop in the VOC channel

Using the dimensions of the VOC obtained in the
PDMS VOC chip dimensions section, the theoretical
Ry, of the VOC (Ry) was calculated using Equation 6,
resulting in a value of 4.39-10!° Pa- s/m?>. The data
obtained using the method provided in appendix A,
show an average R, of 4.12-10'! & 6.76-10'° Pa- s/m?.
This large difference could be explained by the possi-
ble imperfections in the ridges of the casted PDMS
VOC, as well as the fact that the measurements were
obtained using the method in Appendix A and not
the method described in the Characterisation of the
TV section, leading to a possible higher standard
deviation. That said, the measured R, reflects real-
istic conditions better and therefore will be used in
this study. Based on this Ry, the total Rj, across the
VOC channel (Ry,t0t) was calculated using Equation
7 and the principle of resistances in series, by sum-
ming Ry, 4, Ry 5 and R, (Figure 5). This results in a
Ry tot of 4.19-10" Pa-s/m?. Subsequently, Ry o+ was
used in combination with Equation 5 to calculate the
pressure drop across the VOC channel for a WSS of
0.1 and 0.5 dyn/cm? in the VOC. For a WSS of 0.1
dyn/cm?, the pressure drop was 10.91 Pa, and for
0.5 dyn/cm?, it was 54.51 Pa. Due to the fact that
the TV channel runs in parallel to the VOC channel
(see Figure 5), these pressure drops are also present
across the TV channel.

Di analysis

The calculated Di from the three tested designs is
presented in Figure 7. The results indicate a general
trend in which the Di increases at lower pressure dif-
ferences (low flow rate and low Re). This observation
does not align with the other findings in previous
studies [26, 28, 29]. A likely explanation is related
to the limitations of the setup. The FLOW UNIT M
(Fluigent) has an accuracy of 0.12 ul/min for flow
rates below 2.4 ul/min [32], which means that the
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Figure 7: The diodicity of the TV designs 2, 3 and 4 plotted against the pressure drop. n = 3 and the error bars are shown as standard

deviation.

desired low flow rate could not be measured reliably
using the current setup.

Design 3 (smaller d) has a higher Di than design
2 at the desired pressure drop (11 to 55 Pa). This
can be seen as that the lowest Di value of design
3, within the standard deviation, is still higher than
the highest value Di of design 2 within its standard
deviation, respectively 1.22 + 0.14 vs 1.02 £+ 0.02.
In contrast, comparing designs 3 and 4 at the same
pressure drop range is more difficult. Even though,
the mean Di of design 4 is higher at the higher range
of the pressure drop (55 Pa), design 3 has a higher
mean Di at the lower end. Furthermore, Figure 7
shows that the standard deviation for both designs
overlaps, which means that the difference may not
be statistically significant. As a consequence of the
slightly lower standard deviation and the higher Di
over the majority of the pressure drop range between
11 and 55 Pa, design 3 was selected for the full system.
It should be mentioned that design 4 was tested one
day prior to designs 3 and 2. This meant that the
tests were not carried out under the same conditions.
As a result, the flow sensor was cleaned to avoid
clogging that could occur if residual fluid dry out
overnight. This cleaning step may have impacted the
consistency of results. If there was a clog beforehand,

removing it could have changed the conditions. For
future research, it should be kept in mind that the
measurements should all be conducted under the
same conditions. Additionally, to make sure to have
accuracy at low flow rates, a more suitable sensor
should be used. The FLOW UNIT S sensor (Fluigent)
is recommended for future studies at these low flow
rates, as it is more accurate and should reduce the
variation in the measured values.

A (&
&

Figure 8: The full system design including the integration of
TV design 3.

PDMS TV chip dimensions

The measured dimensions of TV design 3 were ob-
tained as 0.51 mm (w), 0.32 mm (d), 1.27 mm (r), 0.50
mm (H) and 0.51 mm (x). The dimensions specified
in the SOLIDWORKS 2024 design are shown in Table
1. These dimensions have minor differences, w is 0.01



mm larger, d is 0.02 mm larger, r is 0.02 mm larger
and x is 0.01 mm larger. These minor differences are
unlikely to have a significant impact on the hydraulic
performance of the system, however, these measured
dimensions are used for the future calculations to
ensure accuracy.

R,, R¢ and Re analysis

As mentioned before in the Data processing section,
R and Ry were calculated for each applied pressure
drop. The results are shown in Figure 9. Overall,
both resistances stay fairly stable, with exception of
the first two values. The first values of R, and R f
show the highest resistances, while the second values
show the lowest resistances. Due to the significant
differences between these two values and the stability
of the other values, it was decided to use the average
value of R, and R £ for further calculations.

The average value of R, was found to be 5.83-10'!
+ 6.15 -10'° Pa- s/m? and that of Ry was 4.62-10"!
+3.99 -10!° Pa- s/m3. Using the measured R,, the
APy required to achieve a WSS value of 0.1 and 0.5
dyn/ cm? was calculated. For a WSS of 0.1 dyn/ cm?,
AP was 10.93 Pa and for a WSS of 0.5 dyn/cmz,
it was 54.74 Pa. Using these values in combination
with Equation 3, Ah was calculated for both cases,
Ahg1 =11 mm and Ahps = 5.6 mm. Comparing this
to the Ahy,y (6 mm), it indicates that the developed
pumpless perfusion system can be used to model the
WSS in a liver sinusoid.

R, can also be used to estimate Re of the flow
through the TV’s. To do so, first the flow rate through
the TV’s must be calculated. Using Equation 5, the
average R, and AP as 10.91 and 54.51 Pa. The result-
ing flow rates were 1.85-10'! m3/s and 9.28-10~ !
m?>/s respectively. Using these flow rates and the
measured cross sectional area of the TV inlet, the
average velocity (v) was calculated and subsequently
used to calculate the Re. The calculated Re values
were 0.037 for 10.91 Pa and 0.18 for 54.51 Pa. Both
are significantly below 1, indicating that the creeping
flow dominates. Meaning the Di should be tending
to 1. However, as shown in Figure 7, the Di of TV de-
sign 3 is estimated as 1.11 & 0.07 at a pressure drop
of around 54 Pa. The Di is even higher at a lower
pressure drop of 30 Pa. However, it is difficult to
estimate Di at pressure drops lower than 30 Pa, due
to the limited data. Still, this outcome is unexpected.
A likely explanation is that the used flow rate sen-
sor lacked accuracy at these low flow rates and that
the setup could not provide a precise pressure drop.
As mentioned before, it is important that equipment
suited for measuring at lower flow rate and pressure
should be used.

Backflow analysis

As mentioned in the introduction, minimising the
duration of the backflow is important to limit the
time during which the cells are not perfused. This is
achieved by rapidly tilting the rocking platform to the
maximum tilt angle, at which the channels remains
filled with fluid (Bmax). Bmax was calculated by
using Equations 3 and 4, where Ah equals the height
of the reservoirs (3 mm) and / the distance between
the reservoirs (24.35 mm). This result in a fmax of
7.08 °.

When the left reservoir is fully filled (Ah = 6 mm)
and the rocking platform tilted to this maximum an-
gle, the maximum pressure drop (APy.x) across the
system is 57.5 Pa. Assuming this pressure remains
constant, the resulting backflow generates a WSS of
0.53 dyn/cm? for a duration of 224 s. In practice,
however, AP decreases as Ah reduces, which leads
to a decreasing flow rate over time. As a result, the
duration of the backflow increases, while the WSS
decreases. Ideally, both the duration of backflow
and the magnitude of the WSS should be minimised.
Based on these findings, the full system does not
provide an unidirectional perfusion. As a result, the
system is not suitable to use for OOC models that
require unidirectional flow.

However, a possible solution to reduce the dura-
tion of the backflow is to optimise the geometry of
the TV in a way to decrease R fr allowing more fluid
to pass through the TV channel. A possible optimi-
sation could be to increase w of the TV. However, it
is important that this improvement does not signifi-
cantly reduce R;.

A different solution that can be used to reduce the
WSS of the backflow is to add one or multiple TV’s
to the VOC channel, oriented in the opposite direc-
tion to the TV’s in the TV channel. The added TV’s
increases the Ry ot during forward flow, resulting in
a reduced WSS. The Ry 1o also increases during the
reverse flow, resulting in a increase in pressure drop
through the system to get the desired WSS on the
VOC. However this is significant smaller than the
Ry,tot during forward flow.
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Figure 9: Reverse hydraulic resistance (R,) and forward hydraulic resistance (R ) of Tesla Valve design 3 plotted against the pressure

drop. n = 3 and the error bars are shown as standard deviation.

Conclusion

The developed pumpless perfusion system is capa-
ble of generating the required pressure drop, and
consequently the WSS, to model liver sinusoidal en-
dothelial cells in vitro. However, due to the consid-
erable backflow through the VOC, the system fails
to provide unidirectional flow. Therefore, it cannot
be adopted as a pumpless unidirectional perfusion
system for OOC models. Future research should
aim to minimise both the duration and WSS of the
backflow, for example by optimising the TV design
or incorporating a TV to the VOC channel. Never-
theless, it should be noted that a certain degree of
backflow is inherent to the use of TV’s within the
system. Despite its limitations, the developed system
provides a basis for future TV pumppless perfusion
systems. Its simplicity and scalability may support
the development of more accessible and miniaturised
OOC models.
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Appendix

During the preparation of this work, I used ChatGPT
to improve grammar and text structure. I used Chat-
PDF to improve the text structure of the abstract. I
used Cutout.pro to improve the image quality. After
using these tools, I thoroughly reviewed and edited
the content as needed, taking full responsibility for
the final outcome.

Appendix A

This appendix describes the method used to measure
the pressure drop across the VOC at specific applied
flow rates. Prior to each test, the full VOC chip (con-
sisting of the bonded PDMS VOC chip and glass
slide) was exposed to a second plasma treatment in
a plasma cleaner (henniker plasma, HPT-200), this
time to make the channels hydrophilic rather than for
bonding purposes. Subsequently, the full VOC chip
was connected to two Push Pull controllers (Fluigent)
to regulate the pressure difference in the setup, two
fluid reservoirs, and one FLOW UNIT M+ sensor
(Fluigent) to measure the flow rate through the setup,
and a reverse flow was established through the VOC.

10

The liquid used for the measurements was a solution
of 0.33 % red food couloring in deionised water at
20 °C. Once the setup was assembled, any air bub-
bles present within the VOC were removed, and the
weight of both reservoirs, each filled with the dyed
water solution, were measured and equalised. The
pressure difference was measured at the predefined
flow rates of 5, 12.5, 25, 50, 100 and 150 u 1/min.
After completing the reverse flow measurements, the
full VOC chip was reconnected to establish a forward
flow, and the same procedure was repeated. The
VOC design was tested in triplicate (n = 3).
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