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Knudsen pumps are promising candidates for vibration-free gas pumping in a variety of scientific and industrial
applications, particularly where miniaturization is required. Based on thermal transpiration flows induced by
temperature gradients along microchannels, they operate without moving parts and therefore offer high reli-
ability. However, current fabrication techniques limit the realization of submicron channels needed for high
performance operation at atmospheric and over-atmospheric pressures. To address this challenge, the present
study investigates the feasibility of using Bessel beam technology for channel fabrication, enabling the creation of
dense arrays of nanochannels with diameters of only a few nanometers at writing speeds of up to 1 kHz. Nu-
merical simulations of gas flow and heat transfer were performed to design and optimize a single-stage, parallel-
channel architecture while accounting for microfabrication constraints. The proposed design consists of 294,294
parallel nanochannels arranged within a 1 x 1 cm? glass substrate, each with a diameter of 600 nm and a length
of 500 pm. Under simulated atmospheric operating conditions with moderate heating up to 100 °C, an average
temperature difference of approximately 46.8 °C across the channels is predicted, resulting in a thermomolecular
pressure difference of 1575 Pa and a maximum mass flow rate of 3.43 x 1071° kg s~!. When normalized by the
total channel area, the predicted mass flow rate is much higher than that of previously reported Knudsen pumps,
while maintaining a pressure difference among the highest values reported in the literature. The results
demonstrate the potential of Bessel beam microfabrication for future high-performance Knudsen pumps oper-
ating at over-atmospheric pressures.

1. Introduction

Knudsen pumps have emerged as an attractive alternative to con-
ventional gas pumping technologies in miniaturized systems due to their
unique ability to transport gases, without any moving parts [1]. In
recent years, they have been explored for a wide range of applications,
including MEMS [2-4], hydrogen transfer [5,6], gas chromatography
[7-9], aerosol sampling [10], heat pumps [11-13], space exploration
instruments [14] and thrusters [15]. Their potential applications can
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also be extended to biomedical systems and sensors [16,17] as well as to
the vibration-free operation of pulsed tube cryocoolers, enabling effi-
cient cryogenic cooling for sensitive and microscopic systems [18-20].
Although some of these applications require compression above atmo-
spheric pressures, Knudsen pumps have so far been investigated only
under vacuum or atmospheric conditions, highlighting the need for
further research into their operation at higher pressures. Addressing this
gap is the focus of the present work.

Knudsen pumps are thermally driven flow pumps that operate on the
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basis of transpiration flow [21-25], a phenomenon that occurs under
rarefied conditions when the channel dimensions are comparable to the
mean free path of the gas molecules. By applying temperature gradients
along micro- or nanochannels, a gas movement is created from cold to
hot areas. Thermal transpiration has been investigated extensively in
numerical works [26-30], while experimental results are scarcer
[31-34]. Eliminating the need for moving parts, Knudsen pumps pro-
vide simplicity, reliability, and long lifetime [1,35], while their small
size makes them ideal for miniaturized systems [36]. Although the
generated mass flow rates are relatively small compared with conven-
tional macroscopic pumps, they can become significant for microscale
systems and applications requiring compact, vibration-free, and highly
reliable gas transport under atmospheric-pressure conditions.

Different design approaches have been explored, ranging from
porous media [37-40] to lithographically microfabricated channels
[4,9,35,41]. Although porous media may be more suitable to reach the
required rarefied conditions for Knudsen pump applications, natural
defects often appear, which can restrict gas flow and reduce efficiency.
In addition, their geometrical features are often poorly characterized,
which complicates simulation and optimization. In contrast, fabricating
microchannels may be a more effective option since they enable more
efficient designs, drastically reduce geometrical uncertainties and thus
offer better control in terms of gas flow regulation [35]. Tapered
channels can further enhance the pressure head, though at the expense
of mass flow rate [42,43]. To date, efforts to enhance the relatively low
performance of Knudsen pumps have primarily focused on either
increasing the pressure head —by pumping air from atmospheric pres-
sure down to 0.46 atm [4]— or increasing the mass flow rate, reaching
8.8 x 10710 kg s7! through a 1072 mm? channel opening [35]. Designs
incorporating multiple parallel channels to enhance mass flow rate and
multiple stages in series to increase the pressure head have also been
proposed [9,40,44]. These ongoing efforts highlight the potential for
performance improvements and pave the way for investigating opera-
tion over atmospheric pressures.

The degree of rarefaction is determined by both the pressure and the
characteristic length scale of the channels. As a result, the optimal
channel dimensions for thermal transpiration applications strongly
depend on the intended working pressure. For vacuum applications, the
optimal characteristic length ranges from several microns to tens of
microns, depending on the working pressure and the gas, making it
feasible to fabricate the channels with existing fabrication technologies
[35,45-49]. One of the most widely applied recent methods for fabri-
cating channels in Knudsen pumps is deep reaction ion etching (DRIE),
which allows the production of channels with dimensions as small as
some microns [9,35,41]. However, DRIE is typically limited to relatively
small aspect ratios, i.e., the length-to-diameter ratio does not typically
exceed 20, and channel dimensions are on the order of 1 pm. These
limitations can make the fabrication of Knudsen pumps intended for
atmospheric or over-atmospheric operation more challenging, since
submicron characteristic dimensions are preferred to reach the optimal
rarefaction conditions.

To overcome these limitations, the present work proposes the use of
Bessel beam technology for nanochannel fabrication [50,51]. In this
approach, narrowly focused laser pulses are absorbed within transparent
materials such as glass, generating localized heating and material sub-
limation that enable the formation of vertically oriented through-
substrate nanochannels. In contrast to DRIE, Bessel beam processing
can produce channels with diameters below 200 nm and aspect ratios
exceeding 100, while also allowing the channel diameter to be tuned
through adjustment of the laser pulse energy. In addition, the technol-
ogy offers extremely high writing speeds [52] making it particularly
promising for the fabrication of dense nanochannel arrays required for
atmospheric-pressure Knudsen pumps. Nevertheless, limitations still
exist regarding channel spacing, since a minimum separation distance of
approximately 10 pm is currently required to reduce the risk of crack
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formation and substrate damage during fabrication.

In the present work, we propose a novel design along with a nu-
merical analysis of heat and mass transport for a Knudsen pump inten-
ded to operate from atmospheric to higher pressures. The design
incorporates advanced microfabrication techniques aimed at extending
current fabrication limits for nanochannel manufacturing and optimized
thermal architecture. The originality of the study lies primarily in the
use of advanced Bessel beam microfabrication technology for nano-
channel fabrication, while the heat transfer and gas flow modeling are
based on well-established ANSYS Mechanical simulations and kinetic
theory, respectively, which are applied here to optimize the pump
design and assess its performance. This study is part of a collaborative
project between INSA Toulouse and the Karlsruhe Institute of Technol-
ogy (KIT), conducted within the framework of the PuCK project, which
focuses on the development and integration of a Knudsen pump proto-
type and a miniaturized pulse tube cryocooler system, enabling
vibration-free cryogenic cooling.

In order to achieve the mass flow rates and pressure differences
required for demanding applications such as the miniaturized pulse tube
cryocooler (PTCC) targeted within the PuCK project, i.e., a mass flow
rate of 10~7 kg s~! and a pressure difference of 1 bar, Knudsen pumps
incorporating multiple parallel channels and stages in series must be
designed [53]. These requirements are particularly challenging because
both high mass flow rates and significant compression must be achieved
simultaneously under atmospheric-pressure conditions. In contrast,
other Knudsen-pump applications primarily requiring high flow rates
with negligible pressure differences and low operating pressures may
allow the use of larger channel dimensions and more conventional
fabrication techniques. Consequently, channel dimensions must be
optimized based on the rarefaction conditions that enhance the perfor-
mance of the Knudsen pump under the working pressures, while thermal
management strategies should be refined to maximize temperature
gradients along the channels. These design improvements should be
examined within the limitations set by the fabrication techniques
currently available, ensuring the feasibility and functionality of the
proposed design.

The paper is structured as follows. Section 2 presents the pump
design; Section 3 describes the gas flow simulations used to determine
the channel dimensions; Section 4 discusses the heat transfer simula-
tions and the optimal design of heaters and heat sink; Section 5 details
the fabrication process of the one-stage Knudsen pump; Section 6 fo-
cuses on the kinetic modeling of pumps with multiple parallel channels
and stages; and Section 7 concludes the paper.

2. Design

The proposed Knudsen pump has been designed to maximize the
mass flow rate and pressure difference within a 2 x 2 cm? footprint,
using the Bessel beam technology for fabrication of the nanochannels,
while ensuring effective thermal management and structural stability.
Fig. 1 provides a 3D CAD model of the Knudsen pump which corre-
sponds to a system composed of the glass plate with the nanochannels,
the silicon-based heat sink with micro-pillars, and the integrated
heaters. Fig. 2 provides a detailed top view of a small central area of the
Knudsen pump, showing the heaters, nanochannels, and silicon pillars in
greater detail. Although the heaters are located on the top side and the
silicon pillars on the bottom side of the glass, both are represented on the
same plane.

A four-inch-diameter glass wafer with a thickness t; = 500 um is
used and divided into nine square sections, each with a side length a =
2 cm and functioning as an individual pump (Figs. 1a—c). Within each
2 x 2 cm? glass piece, the central square region, with a side length b =
1 cm, is occupied by nanochannels with a diameter d. = 600 nm, etched
through the entire glass thickness and arranged in a hexagonal pattern to
maximize packing efficiency while maintaining a spacing . = 20 ym.
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Fig. 1. Single stage Knudsen pump: a) complete design, b) half-section view, c) half-section exploded view with heaters, glass plate and silicon heat sink layers, d)
magnified view of the heaters and nanochannels, ) magnified view of the silicon pillars and f) magnified view of the silicon wafer with 80 pm-diameter openings.
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Fig. 2. Detailed top view of a central area of the Knudsen pump, showing the
heaters (heated zone), nanochannels, and pillars.

This configuration results in a total of 294,294 channels (Figs. 1d and 2).
The remaining area is reserved for heater and heat-sink connections.
To establish and sustain a temperature gradient across the glass
thickness, thin-film heaters are deposited on the top surface of the glass,
while a silicon-based heat sink is bonded to the opposite side (Fig. 1c).
The heaters consist of two successive metal layers: a titanium film with a
thickness of 20 nm in contact with the glass, and a gold layer with a
thickness of 300 nm deposited on top (Figs. 1d and 2). Although the
geometry of the gold layers is simplified in the 3D representation of
Fig. 1, their actual shape, including the rounded edges, is shown in the
detailed view of Fig. 2. The gold layer serves as a conductive track for
electronic wiring with negligible Joule dissipation, whereas the thinner
titanium regions are responsible for generating the localized heating
around each channel, indicated by the heated zones shown in light blue
in Fig. 2. The ends of the gold pads are designed with a rounded ge-
ometry, which leads to a higher concentration of current density and
Joule heating near the center of the titanium region compared with its
lateral sides. As a result, the effective heating region around each
nanochannel can be reasonably approximated by a circular heated zone,
with a diameter d;, = 6 ym. For the heat-transfer simulations, equivalent
circular heating areas centered around the channels were therefore
used. On the underside, silicon pillars with a diameter d, = 7 ym and a
height h, = 15 um are fabricated on top of a silicon wafer with a
thickness t; = 400 ym (Fig. 1c and e), which is bonded to the glass. The
pillars are arranged in a hexagonal pattern with a spacing [, = =
20 ym and are offset by 8.5 pm from the channel positions, ensuring
efficient heat removal from the cold side of the glass while limiting

pressure drop in the gas flow. In addition, openings with a diameter d, =
80 um are etched through the full thickness of the silicon wafer at a
spacing [, = 400 um, allowing gas to pass from the underside (Fig. 1f).

The combined heater-heat sink arrangement is designed to enhance
the thermal efficiency of the Knudsen pump, enabling localized heating
near every channel while rapidly dissipating heat from the cold side. The
placement of heaters and heat sinks around the channels ensures that
temperature gradients are sharply defined, a key factor for the perfor-
mance of the pump. The following sections provide a detailed expla-
nation of the system architecture based on gas flow and heat transfer
modeling, as well as the fabrication steps.

3. Gas flow modeling

To optimize the pump architecture for over-atmospheric pressure
conditions, modeling via kinetic theory of a thermal transpiration flow
through one circular channel is considered. Owing to the large length-to-
radius ratio of the channel, the mass flow rate m and the pressure dis-
tribution P(z) along the capillary axis (z € [0, []) are computed according
to the infinite capillary theory as [54,55]:
dp Vo(2) P(z) Gr(8) dT

& R GO TE) G &z )

where vo(2) = \/2R; T(z) is the most probable speed of the gas mole-
cules, R, = kg/m is the specific gas constant, kg is the Boltzmann con-
stant, m is the molecular mass, R is the radius of the channel, T(2) is the
temperature distribution and Gp and Gr are the dimensionless kinetic
flow rates for the Poiseuille and thermal creep flows, respectively. These
flow rates are obtained from the linearized Shakhov kinetic model
assuming purely diffuse boundary conditions, and can be found in the
supplementary material of [56]. The flow rates are given as a function of
the gas rarefaction parameter §(z) defined as:
P(z) R

" e e @

where i(2) = pt(Trer) [T(2)/Trer | is the viscosity computed based on the
reference viscosity at a reference temperature T.s and the viscosity
exponent w. Once the geometrical and gas characteristics are provided,
Eq. (1) can be numerically solved for a given temperature distribution
T(z), to either compute the mass flow rate m when the inlet and outlet
pressures are known, or to compute the outlet pressure P,, when the
mass flow rate m and the inlet pressure P;, are known. In the case of zero
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mass flow rate, the maximum pressure difference, also known as ther-
momolecular pressure difference (TPD), can be obtained, while, when
the inlet and outlet pressures are set equal to each other, the maximum
mass flow rate which corresponds to the thermal creep flow can be
computed. During the numerical resolution of Eq. (1), the local rare-
faction parameter 5(z) and the corresponding kinetic coefficients Gp(5)
and Gr(6) are continuously updated at each position z according to the
local pressure and temperature conditions, following the procedure
described in [55]. Intermediate cases can also be computed to obtain the
characteristic curve of the Knudsen pump [53,55]. The numerical code
developed to solve Eq. (1) was validated against previous numerical and
experimental studies. Fig. 3a compares the present results with the
experimental data reported in [57] for thermal creep flow of helium,
argon and nitrogen through a long tube of diameter d = 485 um, length
I = 52.7 mm, subjected to a temperature difference of 71 K. In this
figure, the TPD, APy, is plotted as a function of the mean rarefaction
parameter 5, defined at the mean pressure and temperature conditions.
Fig. 3b presents a comparison with the numerical study of [58] for hard
sphere argon flowing in a tube of diameter d = 0.3 um, length 1=
500 ym and a temperature ratio Tou/Tin = 293/77.2 = 3.8, and the
numerical study of [58] for the same gas but with a diameter d =
0.4um, a length [=500um and a temperature ratio
Tout/Tin = 600/300 = 2. The maximum mass flow rate, my,y, obtained
for AP =0, is plotted as a function of the inlet rarefaction parameter &,
calculated based on the inlet pressure and temperature. In the first case,
the present numerical results reproduce the experimental measurements
within the range of deviations previously reported in the literature
[29,34,59]. In case of the numerical results, an excellent agreement is
observed with a divergence of less than 1% between the results.

In the present study, the pump performance is evaluated in terms of
mass flow rate. While the volumetric flow rate therefore varies along the
channel, the mass flow rate remains conserved and provides a more
fundamental measure of the pump performance. For Knudsen pumps
which operate under rarefied conditions, the primary objective is not to
improve the energetic efficiency, but rather the generation of pressure
differences and controlled gas transport without moving parts. There-
fore, the optimization of the pump focuses mainly on identifying the
rarefaction conditions that maximize the attainable mass flow rate and
pressure difference under the targeted operating conditions [35].

To specify the optimal radius for the channels, the rarefaction regime
under which the Knudsen pump will work should be specified. In Fig. 4,
the maximum pressure difference and the maximum mass flow rate are
plotted in terms of the mean pressure P,, = (Pj; + Poy)/2. These results
are obtained by solving Eq. (1) for a linear temperature distribution
along the channel, T(2) = Tin+ (Tour — Tin)2/L, where the inlet and
outlet temperatures are Ty = 323K and T, = 373 K, respectively.
These indicative temperatures are consistent with the heat transfer

10
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simulations reported in Section 4. The channel length is set to [ =
500 um and the working gas is nitrogen. Nitrogen was used as the
working gas throughout the present work, as its properties provide a
good approximation of atmospheric air. The results are provided for
three different values of radius R = [0.2, 0.3, 0.4]um chosen such that the
optimum TPD, AP, (form = 0), occurs near atmospheric pressure. For
R = 0.3 uym, the optimum value of APp,y coincides with a mean pressure
P, = 1atm; for R = 0.2 ym, the optimum occurs at slightly higher
pressure, while for R = 0.4 um, it occurs at slightly lower pressure. In
contrast, the maximum mass flow rate mpy., (for AP = 0) increases
monotonically with Py, although the rate of increase gradually di-
minishes at higher pressures, exhibiting an inflection point. It is also
noted that, for a fixed operating pressure, 1y increases monotonically
with the channel radius, since larger radii correspond to higher values of
the rarefaction parameter 5. As shown in Fig. 3b, mp, continuously
increases with increasing . Consequently, unlike the thermomolecular
pressure difference, no optimum radius maximizing the mass flow rate is
observed. Therefore, for the present work, the Knudsen pump is
designed with a radius of R = 0.3 um which maximizes APp,, while
providing a reasonable ny,y. All these characteristics are accounted for
in the pump design, in conjunction with the heat transfer results.

By solving Eq. (1) for intermediate values of the mass flow rate
m € [0, Mmax], the characteristic curve of the Knudsen pump is obtained
and is plotted in Fig. 5 for three different radius values R =
[0.2,0.3,0.4]um. As it is expected from the results of Fig. 4, APp,y in-
creases and mpy.x decreases as the radius decreases. It is also observed
that the characteristic curve for a single channel is linear between the
two limit points [m = 0, APpax] and [Mmax, AP = 0].

To meet the requirements of potential applications, the flow char-
acteristics of a single channel are insufficient, since much higher mass
flow rates and pressure differences are usually needed. Therefore,
multiple channels should be arranged in parallel to increase the mass
flow rate, while multiple stages should be stacked in series to enhance
the pressure difference. The performance study of the pump with the
294,294 parallel channels is given in Section 6, based on the heat
transfer results from Section 4.

4. Heat transfer modeling

To optimize the temperature gradient across the glass thickness, i.e.,
along the channel length, heat transfer simulations were performed to
improve the thermal architecture of the system, including the posi-
tioning and dimensions of the heaters and heat sink, as well as the se-
lection of suitable materials. In thermal transpiration flow, greater
temperature differences result in higher pressure differences AP and
mass flow rates m. From a heat transfer perspective, Fourier's law states
that for the same heat flux, materials with lower thermal conductivity

14
el
2 L
'\;;J 15
=
s — present work
O Ref. [54]
05 — present work
O Ref. [58]
0
0 10 20 30 40
b) 51’/1 [_]

Fig. 3. Validation of the present numerical model for thermal creep flow: a) comparison with the experimental data reported in [57]; b) comparison with the

numerical results reported in [54,58].
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Fig. 4. Maximum pressure difference (left), and maximum mass flow rate (right) vs mean pressure.
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Fig. 5. Pressure difference vs mass flow rate for three radius values R =
[0.2,0.3,0.4]um.

create larger temperature gradients. Thus, the low thermal conductivity
k of glass, around 1 W m~! K1, justifies the choice of using a glass plate
for the fabrication of the channels. To achieve a temperature gradient
across the glass thickness, heaters were applied to the top hot-side of the
device (Fig. 1). However, natural convection alone is often insufficient
for rapid heat dissipation on the opposite cold-side, and thus, it was
proposed to add a heat sink on this side to enhance cooling. From a
material standpoint, the heaters should have high thermal conductivity
to distribute heat efficiently while also exhibiting moderate electrical
resistivity to distribute efficiently the electric charge and generate heat
locally when power is applied. For this reason, thin metal deposition
layers such as platinum, gold, or titanium are commonly used [60-62].
In this study, gold and titanium layers with electrical resistivity p at 373
K of 3.1 x 1078 Qm and 5.48 x 1077 Q m, respectively, are applied,
with their thickness and sequence determined by fabrication techniques
and adhesion requirements. Further details on fabrication are provided
in the next section. For the heat sink, materials with high thermal con-
ductivity are necessary to rapidly dissipate heat from the cold side of the
glass plate, maintaining a low temperature [63,64]. Thus, silicon was
selected due to its high thermal conductivity k = 150 Wm~' K1,
compatibility with glass for bonding purposes, ease of fabrication, and
structural properties. In this work, various heat source and heat sink
coupling designs have been tested, ranging from simpler, easier-to-
fabricate but less efficient solutions (without heat sinks) to more
advanced configurations (with heat sinks and optimized designs), while
always complying with the constraints imposed by the fabrication pro-
cesses. These investigations led to the design presented in Section 2.

In an initial design approach without a heat sink, two linear heaters,
each 5 pm wide and 1 cm long, were deposited on the 1 x 1 cm? hot-side

of the glass plate to establish a temperature gradient along the channels,
while heat dissipation on the opposite side relied solely on natural
convection. The channels were positioned close to the heaters in an area
extended until the temperature gradient became negligible. Increasing
the number of linear heaters resulted in a decrease in the average tem-
perature difference AT across the channels, even though more channels
could be integrated. Thus, natural convection alone was insufficient to
effectively cool the cold side of the plate, making it difficult to achieve
significant temperature gradients through the glass thickness. Only a
limited area of the 1 x 1 cm? hot-side of the glass plate could be covered
with heaters and channels, leading to negligible gradients across the
channels as their number increased. Fig. 6 presents the average tem-
perature difference AT across the channels as a function of the number
of channels, showing that increasing this number decreases AT due to
inefficient cooling on the opposite side. Additional simulations investi-
gating alternative heater configurations, such as circular heaters sur-
rounded by channels, produced similar results. Therefore, incorporating
a heat sink was found to be essential to achieve larger temperature
differences across the channels.

The placement of heaters and heat sinks close to each channel creates
sharp temperature gradients, which in turn maximize the mass flow rate
and pressure difference of the pump. This is more pronounced when
both heaters and heat sinks are integrated around every channel within
the 1 x 1 cm? active area of the glass plate, leading to the design pre-
sented in Fig. 1.

A single three-dimensional heat-transfer simulation of the complete
Knudsen pump was conducted in ANSYS Mechanical under steady-state
conditions. The mesh created for the simulation is presented in Fig. 7
while the temperature profiles are presented in Fig. 8. The full 2 x 2 cm?
footprint of the Knudsen pump was included in the computational

40
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(%]
(=]

Average AT [K]
s

—_
W

—_
(=)
(=]

1 2 3 4 5
Number of channels x10*

Fig. 6. Average temperature difference across the channels as a function of the
number of channels for the no-heat-sink configuration.
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Fig. 7. Mesh generated in ANSYS Mechanical for the heat transfer simulation: a) top view of the complete design, b) detailed top view of the small central area, c)
detailed view of glass bottom including the pillars, d) half-section view of the complete design including a detailed view in the center, €) detailed view of the heaters

and surrounding area, and f) detailed view of the pillars and surrounding area.

domain in order to capture the global temperature distribution across
the glass plate. In addition, a locally refined central region shown in
Fig. 7 was explicitly modeled with higher mesh resolution to resolve the
detailed temperature gradients generated by the individual heaters and
silicon pillars. The finite element mesh consists of approximately one
million nodes, leading to a resolution that ensured mesh-independent
results. Therefore, the global temperature distributions shown in
Figs. 8a-b and the detailed local temperature distributions shown in
Figs. 8d—e originate from the same simulation. The inclusion of the full
pump geometry was necessary to capture large-scale heat spreading and
edge-cooling effects, which cannot be resolved using only the locally
refined region.

For the simulation, each component has been assigned appropriate
thermal properties, which are summarized in Table 1 together with their
geometric characteristics. The modeling assumptions and simplifica-
tions are summarized as follows:

a) A locally refined mesh was applied within a small central region of
the glass plate corresponding to the top view geometry shown in
Fig. 2, where the individual heaters and silicon pillars were explicitly
resolved in order to capture the local temperature nonuniformities
shown in Fig. 8d and e. In Fig. 8d, the red circular regions correspond
to the equivalent localized heating zones associated with the tita-
nium heaters surrounding each nanochannel. Although the actual
titanium tracks are not circular, the rounded ends of the gold traces
concentrate the current density and Joule heating near the center of
the heater geometry. Therefore, equivalent circular heating regions

were used in the simulations to accurately reproduce the resulting
local temperature gradients around the nanochannels. In Fig. 8e, the
blue circular regions correspond to the silicon pillars located beneath
the glass plate, which locally enhance heat extraction and therefore
reduce the temperature near the pillar contacts.

b) A total heating power of 10 W was applied. Specifically, a uniform
heat flux ¢ = 10° W m~2 was imposed on the 1 x 1 cm? active area
on the top surface of the glass (outside the central detailed model),
while a higher heat flux peqers = 12 x 10° W m~2 was applied to the
top surfaces of the heaters. This value was calculated based on the
area that is covered by the heaters as qreaters = qAuniform/Aneaters Where
Auniform and Apegeers correspond to the 1 x 1 cm? active area and the
area covered by the 294,294 heaters, respectively.

) An equivalent thermal conductivity equal to kg =17 Wm ! K?
was assigned to the silicon heat sink with the pillars to account for
the area fraction they occupy, calculated as k, =
KsiticonApitiars / Auniform> Where Kgiicon is the thermal conductivity of sil-
icon and Apjars is the area covered by the 294,294 pillars. In this
estimation, the thermal conductivity of air was considered negligible
compared with that of silicon. Outside the locally refined region, the
dense pillar array was therefore represented using this equivalent
thermal conductivity approach in order to reduce the computational
cost while preserving the correct average heat-transfer behavior
across the full pump area.

d) The 80 pm-diameter through-openings of the silicon wafer were not
explicitly included in the present heat-transfer simulation in order to
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Fig. 8. Temperature distributions (in °C) simulated within a single-stage Knudsen pump: a) top view of complete design, b) cross-sectional view of full design, c)
detailed top view of a central area of the design, d) detailed view of glass top beneath the heaters, f) detailed view of glass bottom above the pillars.

Table 1
Materials, properties and geometric characteristics for the thermal simulation.
Material Thermal Top view Thickness/
conductivity area height
Wm!K] [mm?] [um]
Borosilicate glass 1 20 x 20 500
Silicon plate 150 20 x 20 400
Silicon pillars 150 7-0.0035% 15
Equivalent f<?r silicon with 17 10 10 15
pillars
gold 314 0.3
titanium 11 0.02

reduce the geometrical complexity of the computational model.
Nevertheless, their thermal influence is expected to remain limited,
since the area occupied by the openings corresponds to only
approximately 3.14% of the active area, while their diameter re-
mains significantly smaller than the 500 pm glass thickness, pro-
moting lateral heat spreading within the glass. Consequently, no
significant influence on the average temperature difference across
the nanochannels, and therefore on the predicted gas-flow perfor-
mance, is expected.

The Knudsen pump was exposed to ambient air at 20 °C on its top and
surrounding surfaces. Therefore, natural convection was applied to
account for heat dissipation, while thermal radiation was evaluated
and found to have a negligible effect. On the bottom side, outside the
1 x 1 cm? active area, an efficient heat sink capable of extracting 10
W of heat was considered. For the simulation, the metallic support
planned for the future experimental testing of the pump was
modeled, assuming that regions sufficiently far from the pump were
maintained at 20 °C. However, several types of heat sink have been
proposed in the literature capable of extracting the amount of 10 W
through a 3 cm? area. Among them, microchannel heat sinks have

—

€

emerged as one of the most effective thermal management solutions,
offering a large specific surface area, small size, reduced coolant
demand, and high heat transfer coefficient [65-68]. Alternatively,
extended-surface configurations such as pin-fin heat sinks have been
investigated to enhance natural or forced convection [69-71]. Other
approaches include biporous metal foam heat sinks [72] and hybrid
designs that integrate high-conductivity fins with phase change
materials (PCMs) [73]. The selection of a suitable heat sink depends
on the intended application of the Knudsen pump, as different
operational environments impose different requirements on thermal
management strategies. In some cases, heat sinks may not be
necessary if the Knudsen pump is installed on a device that can
provide adequate heat dissipation.

The average temperature difference across the 294,294 channels was
found to be 46.8 K, indicating a significant improvement compared to
simpler designs. Temperature contours of the top and bottom surfaces of
the glass plate are also provided, showing a relatively uniform temper-
ature distribution on both sides. Therefore, the current size and spacing
of the heaters and silicon pillars effectively heat the top surface and cool
the bottom surface of the glass, while also allowing room for additional
channels that could be incorporated based on future fabrication im-
provements, without the need for extra heaters or pillars. It was also
observed that the temperature gradients along the 294,294 channels
changes depending on the position of the channel. Even for a uniform
heat flux over the 1 x 1 cm? area, the temperature difference between
the top and bottom surfaces of the glass varies due to the different rates
of heat dissipation at different locations. Fig. 9 shows the temperature
distributions along the central line x of the glass on the top (z = 0) and
bottom (z = — 500 um) surfaces. While in the central zone, the tem-
perature difference AT remains almost constant at 47.7 K, there is a
rapid decrease close to the sides, down to 24.5 K. Therefore, such tem-
perature variations between the channels should be considered when
calculating the mass flow rate and pressure difference in a pump with
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Fig. 9. Temperature profiles along the central line x of the glass plate for both
top (z = 0) and bottom (z = — 500 um) surfaces, including their temperature
difference AT.

multiple parallel channels. Section 6 presents the kinetic algorithm
developed to investigate how variations in temperature differences
affect the mass flow rate and pressure difference of the single-stage
Knudsen pump design.

5. Fabrication process

Fabricating the proposed pump presents a significant challenge and
requires careful consideration of available fabrication techniques. Bessel
beam technology is a promising approach, as it enables the fabrication of
high-aspect-ratio nanochannels with precise control over their geometry
[51,52]. Since this method is well-suited for large-scale production of
the nanochannels required for the Knudsen pump, it is applied in the
present work. In addition, the complete device requires several
advanced microfabrication steps beyond the nanochannel fabrication
itself. Although each individual fabrication step is feasible and based on
existing microfabrication technologies, the complete fabrication and
integration of the full pump architecture are still ongoing. The complete
fabrication process, illustrated in Fig. 10, relies on a five-mask process
and the Bessel beam technology for opening the channels, with the in-
dividual steps outlined below:

a) Silicon micro-pillars via RIE: The fabrication of heat extraction
micro-pillars begins with photolithography on the upper surface of
the silicon wafer. A 2-um thick AZ ECI 3012 photoresist is deposited
by spin coating after prior coating with an anti-reflective coating
(BARC). The resulting resin patterns protect the silicon during dry
etching. This anisotropic silicon etching, aimed at producing pillars
with a diameter of 7 pm and a height of 15 pm, is carried out by
reactive ion etching (RIE). The process is performed in an Alcatel
AMS 4200 Bati for approximately 3 min under the following condi-
tions: a RF power of 90 W, a chamber pressure of 7.1 Pa, a gas flow
rate of 700 sccm for SFe/CaFs, and a substrate temperature of —5 °C.
These parameters result in an average etch rate of 5 pm min .
Large circular through-silicon openings via DRIE: A second photo-
lithography is then performed on the underside of the silicon wafer
to mask the through-holes during deep RIE (DRIE) etching. A 40 pm-
thick AZ 40XT photoresist is used to withstand the prolonged DRIE
etching of the 400 pm-thick silicon wafer. The circular openings in
the resist have a diameter of 80 pm, corresponding to a standard
aspect ratio (depth/diameter) of 5. The Bosch process is carried out
in the same RIE AMS 4200 system using the same etching parame-
ters. Approximately 90% of the wafer thickness is etched over 80 min
at an etching rate of 5 pm min~?, followed by a slower second etch at
2 pum min~? for 20 min to fully open the holes.
¢) Anodic glass/silicon bonding: An anodic bonding of the borosilicate
glass wafer to the silicon wafer is performed under vacuum, with
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Fig. 10. Fabrication steps: a) RIE to form the silicon pillars, b) DRIE through
the silicon wafer, ¢) anodic bonding of the glass to the silicon wafer, d) RIE of
alignment patterns on the top surface of the glass, ) creation of channels using
Bessel beams, f) deposition of metal layers, g) selective wet etching of gold and
titanium. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

600 V applied at 420 °C for 12 min in an ML WB04 wafer bonding

system. The quality of the anodic bond is assessed using infrared (IR)

imaging.
d) Alignment patterns on the glass wafer: A third photolithography
step, followed by a 2 pm RIE etching on the top surface of the glass
wafer, creates alignment patterns that allow precise positioning of
the nanochannels and their corresponding thermal actuators
(heaters) on these nanochannels.
Nanochannels opening on the glass wafer: Using Bessel beam tech-
nology, a network of 294,294 channels is created on the 4-in. boro-
silicate plate by laser ablation over a1 x 1 cm? surface. Each channel
has a diameter of 0.6 pm, a depth of 500 pm, with a spacing of 20 pm
between adjacent channels, which prevents the formation of cracks
in the glass during fabrication. The previously etched alignment
markers on the surface allow for precise positioning of the channel
array on the glass substrate with an accuracy of less than 2 pm, thus
ensuring accurate alignment with the silicon pillars and subsequent
metal layers.
f) Metal layers: The heating elements are fabricated by deposition of
two successive metal layers, starting with cathodic thermal evapo-
ration of a thin 20 nm titanium (Ti) layer, followed by a 300 nm gold
(Au) layer. The reduced thickness of the Ti layer results in a sheet
resistance approximately 400 times higher than that of the Ti/Au
bilayer, rendering losses related to parasitic access resistances
negligible. The thickness of the deposited metal layers is measured
via cross-sectional imaging using a scanning electron microscope
(SEM).
Micro-heaters: The gold layer is selectively wet-etched using a KI/I
solution to define the electrical current leads, following the fourth
level of the photolithography mask. Next, the Ti layer is also selec-
tively wet-etched in hydrofluoric acid, using the fifth photolithog-
raphy mask to define the desired pattern for the heaters.

—
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—
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The fabrication process presented above is intended to demonstrate
the feasibility and integration of Bessel beam technology for the reali-
zation of nanochannels in atmospheric-pressure Knudsen pumps. The
present study focuses on the overall pump design, thermal and gas flow
analysis, and the proposed fabrication methodology. Detailed experi-
mental characterization of the fabricated nanochannels, including
fabrication tolerances, reproducibility, diameter variations, defect
analysis, blockage probability, alignment accuracy, fabrication yield,
and uncertainty quantification associated with the thermal and flow-
performance, will be addressed in future work together with the
experimental validation of the fabricated pump prototypes.

6. Performance study

In practice, it is quite challenging to maintain a constant temperature
gradient along the lengths of several parallel channels and variations in
the temperature gradient often occur (Fig. 8), which consequently affect
the pressure difference and mass flow rate of the Knudsen pump. To
simulate the mass flow rate and the pressure difference of such a pump,
an iterative scheme has been developed and applied. The corresponding
flowchart and its visual interpretation are presented in Figs. 11 and 12,
respectively. Although the scheme described below is the same for linear
and non-linear temperature distributions along the channels, for
simplicity, a linear temperature distribution was assumed and thus, the
different temperature gradients of the channels can be characterized by
the temperature difference AT; at the two ends of the channels, where
subscript i denotes channel i. These temperature differences are known
from the heat transfer simulations and fixed during the kinetic calcu-
lations. It is also noted that in the present model, the inlet and outlet
pressures are assumed to be spatially uniform across all channels. This
assumption is justified by the fact that the upstream and downstream
reservoirs are significantly larger than the nanochannel dimensions,
while the generated flow rates are small. Therefore, pressure non-
uniformities and multidimensional flow interactions outside the chan-
nels are neglected.

The iterative scheme to find the pressure difference AP for a
requested total mass flow no req reads as:

Compute maximum total mass flow
Point 1: [z ron AP = 0] (n = 1)
T

v
[ Compute total mass flow m;,, based on AP > 0 ]

Point 2: [, AP > 0] (n = 2)

v
Linear interpolation between the last two points (n — 2,n — 1)

with n = 3,4,5, ... to compute APl:;Imreq based on Mo req

. - 3 n
Pointa, 5,1 ["lrot,reqvA‘Dlmtot‘req]

A 4

5 n Cor n
Compute My cop for AP Ttotreq

based on the kinetic code ]

: ann n = — [
Point n : [mtot,wm,AP |”-,to“_eq] withn = 3,45, ...

v

Evaluate error & = |1 com — Iilmt,,.gq|/ri1mm.eq ’

[

Fig. 11. Flowchart of the iterative scheme.
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Fig. 12. Visual interpretation of the first four points (n = 1,2, 3, 4).

o First, the total maximum mass flow Mmpax ot is computed by adding the
maximum mass flow rates mpax; (for AP = 0) of each channel

N
mmax,wt = Zrhmax,i(ATi) (3)

i=1

to obtain Point 1 (n = 1): [fMimay.e; AP = 0].

o Next, the pressure difference AP between the two ends of the channels
is set to a value greater than zero (AP > 0). While, in practice, any AP
greater than zero can be chosen, here, the maximum pressure differ-
ence AP.x (for m = 0) that can be achieved from the channel with the
smaller AT is used. This choice provides a second point within the
characteristic curve. In this case, the total mass flow rate my, is
computed by adding the mass flow rates m; of each channel

N
Mo (AP) = ) 1t (AP, AT;) @

i=1

to obtain Point 2 (n = 2): [My,, AP > 0].

e Having computed two points of the characteristic curve (n = 1, 2),
the pressure difference AP|',}1meq with n = 3,4,5... for a requested
total mass flow 110 req can be approximated by linearly interpolating

between these two points to obtain Point a,;, 2, 1: {mmmq, AP\""-IMM ] .

Based on AP\',;[WW, the total mass flow rate computed from the kinetic
code for each channel n}, .o, = Y%, 1, can be determined and

the error can be evaluated as ¢ = mg,t_mm — Mot req| /Miotreq- If the

error is small, the iterative scheme can be stopped. Otherwise, a new
AP\’H'%M by increasing n by 1 can be computed for n;rq through
linear interpolation between the last two points (n — 2,n— 1). The
iterations continue until convergence is achieved.

As a test case, the previously described iterative scheme is applied to
a single-stage pump with four parallel channels subjected to different
temperature differences: AT; = 80K, AT, = 70K, AT; = 60K, AT; =
50 K, and P;; = 1 atm. For all channels, the hot temperature is set to
373 K, the channel radius is r = 0.3 ym, the length is [ = 500 um, and
nitrogen gas is considered. The characteristic curves for each channel,
denoted as c1, 2, 3, and c4, as well as for the entire pump operating with
all four channels in parallel under two conditions—a) different AT; with
i=1,2,3,4 (cs), and b) with the average temperature difference AT,, =
65 K (cg)—are plotted in Fig. 13.

It is observed that the maximum mass flow rate of the total system,
Mmax 1o, Naturally equals the sum of the maximum mass flow rates of the
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Fig. 13. Characteristic curves for each single channel subjected respectively to
AT; = 80K, AT, = 70K, AT; = 60K, AT4 = 50 K (namely c;, c3, ¢3, ¢4) and
for the entire pump with the four channels in parallel subjected to the different
AT; (cs) or to the same mean AT, = 65K (cg).

individual channels, My ;, while the maximum pressure difference of
the total system, APpax0o, €quals the mean of the maximum pressure
differences of the individual channels, APpay;. Although the latter
statement is valid for the present case, it may not hold when the chan-
nels have different dimensions. In such cases, information about the
geometry of each channel must be provided to the algorithm.

Moreover, the characteristic curves cs and cg are very close to each
other, indicating that a system with varying AT across the channels can
be approximated by a system in which all channels share the same
average temperature difference AT,. Furthermore, the characteristic
curve of the four parallel channels remains linear, similar to that of
single channels. As expected, both mp,x and APy, of a single channel
decrease as the temperature difference AT decreases.

The iterative scheme is also applied to 200 channels uniformly
distributed along the 1 cm-long central line of the glass plate by using a)
the actual temperature difference AT distribution presented in Fig. 9 and
b) the mean temperature difference AT,, = 46.6 K while in both cases
the inlet pressure is set to P, = 1 atm. The resulting characteristic
curves coincide each other indicating that the mean temperature
assumption can also work in the case of 294,294 parallel channels of the
proposed design. The mean temperature difference AT, of the 294,294
channels design has been calculated by the ANSYS simulation and is
equal to 46.8 K. Based on this ATy, the characteristic curve is plotted in
Fig. 14, showing a maximum mass flow rate mMpaxr = 3.43 %
10710 kg s~ and a maximum pressure difference APy, = 1575 Pa, and
a linear trend between the two endpoints.

To provide a quantitative comparison with previously reported
Knudsen pumps, the mass flow rate per channel area and the pressure

2000
—©— 294,294 channels
1500
®
= 1000
A
<
500

»Yo4>< 10710

0
0 1x1071° 2% 1071°3%10
m [kg/s|

Fig. 14. Characteristic curve of the 294,294 parallel channels design.
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difference per stage are used as comparative performance metrics, as
commonly adopted in the literature [35]. Using these metrics, the pre-
sent design achieves a mass flow rate per channel area of 4.1 x
1072 kg s™! m~2, which is about four orders of magnitude higher than
the value previously reported in [35] (8.8 x 1077 kg s~! m~2), while
maintaining a pressure difference of 1575 Pa for a single stage, which is
among the highest reported values for Knudsen pumps. The comparison
was conducted based on the results summarized in [35], indicating the
strong potential of the proposed architecture in pumping performance
compared with previously reported Knudsen pumps.

To further increase the mass flow rate, additional channels should be
introduced in parallel by both increasing the channel density and
enlarging the active substrate area occupied by the channels. In the
present design, the density of nanochannels can be further increased by
reducing the spacing between adjacent channels from 20 to 10 pm, while
the active area may be extended from the current 1 x 1 cm? configura-
tion to larger wafer-scale substrates, such as standard 4-in. glass wafers.
Furthermore, multiple pump stages can be vertically stacked with
appropriate lateral electrical interconnections and thermal management
solutions for heat removal. These approaches indicate that scaling the
system is feasible from a fabrication and integration perspective.
Nevertheless, the proposed design should be regarded as a first step
toward the realization of a Knudsen pump operating under atmospheric
conditions. Additional investigations are still required to improve both
the achievable mass flow rate and pressure difference, as well as to
address practical challenges related to large scale integration, fabrica-
tion tolerances, thermal management, and system level implementation.

To achieve stacking of multiple pump stages in series, the parallel
microchannels of different stages are connected by macrochannels with
significantly larger diameters than the microchannels. These macro-
channels are used to separate the microchannels of sequential stages,
creating regions where the high temperature at the end of one stage
drops to the lower temperature at the beginning of the next one. This
design minimizes the counterflow due to thermal creep in the macro-
channels, ensuring that the thermal creep flow generated by the
microchannels remains dominant.

To simulate a pump with multiple stages, the algorithm for a single
stage with parallel channels has been extended to take also into account
the counterflow in the macrochannels. More specifically, the pressure at
the inlet of each macrochannel is set equal to the pressure at the outlet of
the microchannels from the previous stage, while the pressure at the
outlet of the macrochannel is set equal to the pressure at the inlet of the
microchannels in the next stage. The flow in the macrochannels is
computed by solving Eq. (1) as in the case of the microchannels but with
a reversed temperature gradient. By defining the number of stages,
specifying the geometry of both the microchannels and macrochannels,
and setting the operating conditions, such as the initial pressure at the
inlet of the first stage and the temperature gradient at each stage, the
pressure difference of the multistage pump at zero mass flow rate can be
determined. Subsequently, by incrementally increasing the mass flow
rate through the pump, the characteristic curve can be drawn, and the
maximum mass flow rate can be identified by finding the point where
the pressure difference reaches zero. The process is similar to that
described in [42,53], except that, at each stage, the algorithm which
computes the mass flow and pressure differences among several parallel
channels with different temperature distributions is applied.

With a complete gas flow simulation algorithm for a pump with
multiple parallel channels and stages, along with realistic heat transfer
data for operation up to 100 °C, it is possible to determine the number of
channels and stages required to fulfill the specifications of a specific
application, such as the one of the miniaturized pulsed tube cryocooler
(PTCC) targeted by the PuCK project. In that case, a pump operating
with a mean temperature difference of approximately AT,, = 50 K and
using channels with a radius R = 0.3 ym would require 160 million
parallel channels and 240 stages to achieve the requested mass flow rate
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of 107 kgs~! and pressure difference of 1 bar. Although these re-
quirements remain challenging and require further improvements in
fabrication and system integration, the design proposed in this paper
should be regarded as a first step toward the long-term goal of imple-
menting Knudsen pumps in miniaturized PTCCs.

7. Concluding remarks

In the present work, a design and feasibility study of a single-stage
Knudsen pump intended for operation at atmospheric and over-
atmospheric pressures is presented, supported by heat transfer and gas
flow simulations together with a proposed fabrication approach. The
study has investigated the use of Bessel beam microfabrication for the
realization of high-aspect-ratio nanochannels in glass with high writing
speeds. The originality of the work lies primarily in applying this tech-
nology to Knudsen pump fabrication, while well-established thermal
and kinetic modeling approaches were used to optimize the pump design
and predict its performance. To the authors' knowledge, this is the first
proposed application of Bessel beam technology to Knudsen pumps,
extending current manufacturing possibilities for submicron-channel
devices. Fabrication and experimental testing of the proposed pump
architecture will be the subject of future work.

In contrast to DRIE, which is a widely used technique for fabricating
micrometer-scale structures, Bessel beam technology can produce sub-
micron channels with high aspect ratios and very high repetition rates.
As such, it offers a promising alternative for the fabrication of Knudsen
pumps designed to operate at or above atmospheric pressure. Taking
into account the current limitations of this technology, a single-stage
Knudsen pump design has been proposed. A 4-in., 500 pm-thick glass
wafer was divided into nine 2 x 2 cm? sections, each serving as an in-
dividual pump. The central 1 x 1 cm? region of each pump contains 600
nm-diameter nanochannels arranged in a hexagonal pattern, for a total
of 294,294 channels. Thin-film heaters, consisting of titanium and gold
layers, were deposited on the top surface to localize heating around the
channels. On the bottom side, a 500 pm-thick silicon wafer with 15 pm-
high and 7 pm-diameter pillars—offset from the channels—acts as a heat
sink to remove the generated heat. In addition, 80 pm-diameter open-
ings etched through the silicon wafer allow the gas to flow from the
underside.

To determine the optimal channel radius, results obtained from the
thermal transpiration flow through single channels were used. For
operation at atmospheric pressure, a radius of 0.3 pm was found to yield
the maximum pressure difference. For this same diameter, the resulting
mass flow rate remains significant and close to the plateau reached for
larger radii.

Heat transfer simulations of the Knudsen pump were performed in
ANSYS to optimize the design based on the temperature gradient along
the glass thickness and, consequently, across the nanochannels. It was
found that a simple configuration without a bottom heat sink leads to
low performances. Therefore, a more advanced design was proposed,
incorporating heaters around each channel on the top side of the glass
and silicon pillars surrounding each channel on the bottom side. This
configuration significantly improves both the temperature gradient and
the number of channels over which it can be effectively applied. When
10 W of power is applied to heat the top surface of the glass plate, a mean
temperature difference of 46.8 K is predicted across the 294,294
nanochannels.

For the fabrication of the pump, a series of advanced micro-
fabrication techniques is planned. First, RIE is used to create silicon
pillars on the top surface of a silicon wafer, followed by DRIE to open
large through-holes across its entire thickness. The silicon wafer is then
anodically bonded to the bottom side of the glass wafer. Using the Bessel
beams technology, 294,294 nanochannels are formed in the glass, after
which two metallic layers of titanium and gold are deposited and
selectively etched to define the heaters and their electrical
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interconnections.

To accurately simulate the gas flow in the proposed design, the ki-
netic algorithm for a single channel was extended to account for mul-
tiple parallel channels with different temperature gradients. It was
found that assuming the mean temperature gradient across the channels
yields accurate results for the present study. Based on the simulations,
the proposed design can provide a maximum mass flow rate mmax tor =
343 x10"°kgs! and a maximum pressure difference APy =
1575 Pa. When normalized by the total channel area, the predicted mass
flow rate is much higher than that of previously reported Knudsen
pumps, while maintaining a pressure difference among the highest
values reported in the literature. While these simulation results indicate
that further optimization is required to reach application-level perfor-
mance, they demonstrate the feasibility and potential of the proposed
architecture for the development of Knudsen pumps operating at at-
mospheric and higher pressures. The kinetic algorithm has also been
extended to multiple stages and can been used to estimate the number of
parallel channels and stages required to achieve the desired mass flow
rate and pressure difference.

Although the results demonstrate the potential of Bessel beam
microfabrication for atmospheric-pressure Knudsen pumps, several
limitations remain in the present study. The reported performances are
based on numerical simulations and have not yet been experimentally
validated. In addition, the proposed fabrication methodology still re-
quires detailed characterization in terms of fabrication tolerances,
reproducibility, channel diameter variations, defect formation, blockage
probability, alignment accuracy, fabrication yield and uncertainty
quantification associated with the thermal and flow-performance.
Further optimization is also needed to increase the achievable mass
flow rate and pressure difference, as well as to address challenges related
to large-scale integration, thermal management, and multistage imple-
mentation. Future work will therefore focus on fabrication character-
ization, experimental validation, and further investigation of the
scalability of the proposed pump architecture.
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