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Microfluidic paper-based analytical devices (uPADs) are gaining popularity
due to their low cost and ease of use, but controlling fluid flow for more
complex biochemical assays within these devices remains challenging. This
study investigates femtosecond laser ablation of nitrocellulose (NC), a preferred
material for pPADs, to create mechanically switchable barriers and flow
controllers. We investigated NC ablation using single laser pulses and spatially
overlapping pulses that generate lines. Single pulse ablation thresholds were
determined for wavelengths of 1,030 nm, 515 nm and 343 nm. Line ablation
characteristics were investigated as a function of the temporal and spatial pulse
separation and laser wavelength. High aspect ratio grooves (up to 4.26) were
achieved under specific conditions. These grooves can be used to define the
spatial separation of the flow in separated microchannels or to form a barrier
line perpendicular to the microchannel that can modulate the temporal behavior
of the fluid flow. This barrier introduced an additional high flow resistance
slowing down the flow or, if it was designed to cut through nitrocellulose at
the entire depth, completely stopped the liquid flow. It was further shown that a
barrier formed in this way could be switched by mechanically bending the uPAD
at the barrier position. The femtosecond laser patterning method presented
here provides precise spatio-temporal control not only for flow branching and
multiplexing, but also for controlling flow speed and switching flow on and off
within the same manufacturing process. Our results open up new possibilities
for complex, multi-step assays on yPADs.

FS-laser ablation, nitrocellulose, microfluidic paper-based analytical device (uPAD), fluid
flow control, mechanically switchable barrier, ablation threshold, high aspect ratio
ablation

1 Introduction

Microfluidic paper-based analytical devices (WPADs) are gaining widespread popularity
as detection platforms in medical diagnostics, environmental monitoring, quality assurance
and product safety within food production [1, 2]. They rely on materials with hydrophilic
micro- or nanopores transporting the fluid to detection zones via capillary action [3, 4].
UPADs offer rapid, reliable and sensitive results using low-cost technologies for the
determination or quantification of target analytes in liquid samples [5]. pPADs also
demand minimal equipment and training, typically involve a non-complex fabrication,
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TABLE 1 Results’ compilation from previous studies on the laser ablation characteristics of nitrocellulose, organized chronologically by
publication date.

Laser medium Wave length (A) Pulse width (1) Ablation Substrate, Quotation
threshold (F,, thickness
2)
ArF 193 nm 10 ns 0.020 NC as lacquer, 0.5-3 um Deutsch et al. [35]
Geis et al. [36]
F, 157 nm 5ns 0.025 NC as lacquer, 0.18 um Henderson et al. [18]
CO2 10.6 um 70 ns 32
Amersham membrane, .
Nd:YAG pulsed 1,060 nm 400 ps 320 Skordoulis et al. [19]
145 um
XeCl 308 nm 17 ns 0.185
XeF 351 nm 30 ns Between 0.08 and 0.104 NC as lacquer, 1 pm Furutani et al. [37]

TABLE 2 Ablation threshold values and ablation characteristics for the linear ablation regime following the Lambert-Beer’s law at the studied laser

wavelengths. Pulse duration was always 212 fs.

Laser wavelength ’ 1,030 nm ‘ 515 nm 343 nm

D, [um] 34 19 9

Fy, [/em?] 0.26 0.28 0.03
Precision 4% 12% 7%

Upper limit of the Lambert-Beer’s range [J/em?] 0.57 0.85 0.75

epr [mm] 27.5 80.0 277.8

Coefficient of determination (R?) 0.91 0.92 0.85

enable the miniaturization of laboratory procedures, and are
portable and disposable [5, 6].

Since the Whitesides group published the first multi-analytical
paper-based device in 2007 [7], this field has undergone significant
evolution, exploring novel applications and production methods
and enhancing control over fluid flow within the system [8]. The
complexity of model applications requires automated fluid flow
control strategies making use of geometric, mechanical, chemical,
electrical, magnetic and thermal approaches [9]. These methods
aim to regulate the fluid flow velocity, divert the fluid into different
channels or create an externally actuated switchable barrier.

Multi-step assay applications are gaining significant interest
in research due to their ability to perform complex tests, such
as enzyme-linked immunosorbent assays (ELISA) and polymerase
chain reaction (PCR), entirely on a pPAD [10]. These assays
require barriers that can be actively switched on and off at desired
times, allowing for precise reaction timing and control of assay
conditions. Additionally, establishing uPADs with multiparametric
measurements or internally calibrated pPADs requires structuring
multiple microchannels within the porous material.

Different ~commercially materials, including
chromatography paper, cellulose membrane or filter paper, have

available

proven their suitability for its use in uPADs [11]. However, the most
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suitable and reproducible material to be considered in this field is
nitrocellulose (NC) [12]. It has already found wide application in
commercial rapid tests due to its exceptional protein affinity, its
excellent fluid flow properties and its compatibility with a wide
range of detection techniques [12].

Nitrocellulose is a polymer produced through the treatment
of purified cellulose with nitric acid, leading to the replacement
of hydroxyl groups (-OH) on the cellulose glucose rings with
nitro groups (-NO2) [13, 14]. The resulting NC possesses dipoles
associated with the nitro groups, which interact with the peptide
groups of amino acids [12, 15]. This characteristic enhances its
protein binding capacity, and consequently, its ability to immobilize
antibodies within the matrix, setting it apart from conventional
cellulose or cellulose acetate [16]. The pore size, porosity, chemical
treatment, thickness and surface quality of the NC membrane are
critical parameters that affect the capillary flow, sensitivity and
specificity of the uPAD [12, 17].

While the nitro substitution on cellulose enhances its binding
capability, it also renders NC explosive, categorizing it as an
exothermic material. The explosive characteristics are related to its
nitrogen content, which can yield an explosion heat of up to 4586 J/g.
Under specific conditions, NC can reach detonation temperatures of
up to 3,245°C and detonation velocities of up to 6,300 m/s [14].
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FIGURE 1
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Ablation behavior of nitrocellulose subjected to a single pulse at 1 =1,030 nm, A = 515 nm and A = 343 nm clearly showing thresholds (indicated by
vertical lines. The precise values and their precision are given in Table 2) for fluencies below which no ablation can be observed. Each data point
reflects the mean of nine measurements and the error bars reflect the respective standard deviations. Filled datapoints correspond to the linear range
(see Figure 2A), not-filled data points above the ablation threshold reflect the appearance of new morphologies at the cavity (see Figures 2B—-D). (A)
Black lines represent the linear approximation in the Lambert-Beer regime. Cavity Depth (dpulse)' (B) Aspect Ratio of the cavity.

Several authors have explored the phenomenon of ablative
photodecomposition of nitrocellulose when exposed to a laser
beam. This material was particularly studied as a self-developing
photoresist in lithography during the 1980s and 1990s (see summary
in Table 1), because it transforms directly into volatile products
when exposed to radiation, obviating the necessity for a separate
developing step [18]. Most of these studies focused on NC lacquers,
which are formulations combining NC with binding agents, like
polyurethane (PU) that can be spin-coated on a silicon wafer. These
mixtures possess a distinct chemical composition compared to pure
NC. Therefore, the only study we are aware of that provides a
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suitable basis for comparison with our work is the one presented by
Skordoulis et al. [19].

Through the interaction of intense laser pulses with the matter,
atoms, ions, molecules and clusters are ejected by means of plasma,
acoustic shocks and cratering [20]. Such processes were already
employed in uPADs for creating separate channels for parallel fluid
flow within a device [21-27].

The capability of a laser beam to ablate a material is dependent
of its absorption characteristics. The photons are absorbed until a
specific depth, described by the Lambert-Beer law [28], which can be
formulated for the description of ablation by a single laser pulse as:
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FIGURE 2
Morphologies of cavities ablated with a single pulse. All scale bars represent a distance of 10 ym. (B) A = 515 nm, Fp,5¢ = 0.39 J/ecm?; C1: 1 =1,030 nm,
Fputse = 0.59 J/cm?; C2: 1 =1,030 nm, Fpye = 0.62 J/cm?; C3: 1 = 515 nm, Fpypee = 1.20 J/cm?; C4: 1 =343 nm, Fpyee = 1.06 J/cm?; C5: 1 =1,030 nm,

Fouise =1.86 J/cm?.
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Sketch illustrating the pulse overlap definition (OVL=1.2 in 0 = 7 : : : :
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FIGURE 4
Line depth (dj;,e) values obtained with fs-pulses fired at f= 600 kHz
F and varied OVL in dependence of F;,.. Five different groove
d lse = L In Llse morphologies: B, C1, C2, C3 and B2 (see micrographs in Figure 5)
? off F,, were observed.
Where d,,,, is the depth of the cavity created by the laser pulse,
afr is the linear light absorption coefficient of the material at the
laser wavelength, F,,;,, the fluence delivered by the laser pulse and The precise mechanisms underlying laser ablation, particularly

F,, is the threshold fluence which has to be reached to obtain any =~ of polymers such as cellulose, remain a subject of ongoing
material ablation. debate within the scientific community [28-30]. There is a
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FIGURE 5

Groove morphologies observed at different laser fluences and overlap factors, as shown in Figure 4. For all the cases A =1,030 nm and f= 600 kHz. All
scale bars represent a distance of 30 um. B1: OVL =5, F;;,, = 19.1 J/cm?; C1: OVL =5, F;;,, = 7.0 J/cm?; C2: OVL = 100, F, = 50.0 J/cm?; C3: OVL = 25,

Fiine = 41.5 J/cm?; B2: OVL = 25, F;,, = 64.3 J/cm?.
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FIGURE 6
Ablated groove aspect ratio for a series of fs-pulses fired at the given
repetition rates. OVL =25, 1 =1,030 nm.

general consensus regarding the initial step, which involves the
conversion of laser photon energy into electronic excitation, but
the subsequent ablation processes include different mechanisms
which can be categorized as follows: a) Photothermal ablation:

Frontiers in Physics

Electronic excitation is rapidly thermalized on a picosecond (ps)
timescale, ultimately leading to evaporation. b) Photochemical
ablation: Here, electronic excitation directly results in bond
breaking. ¢) Photophysical ablation: This mechanism involves both
thermal and non-thermal processes. UV ablation primarily occurs
through photochemical ablation, where the material is directly
removed by the laser energy. In contrast, IR ablation involves more
plasma shielding, which limits direct ablation and increases plasma
temperature [31]. Ablation mechanisms depend not only on the laser
wavelength but also on the pulse duration. It is known that laser
ablation at the ultra-short range possesses unique advantages. These
include better controllability and precision in material modification
[29], due to minimal heat affected zones, lower ablation threshold
fluence and the circumvention of plasma shielding issues [28].
Several works on pWPADs have been carried out using laser
ablation as fabrication method. The first application dates back to
2013 when Nie et al. [21] successfully optimized a set of parameters
for CO, laser cutting, enabling precise penetration through the
entire depth of a filter paper. Shortly after, Mahmud etal. [22]
employed also a CO, laser to develop a device using chromatography
paper backed on an aluminum foil, achieving a minimum barrier
width of 39 + 15 um. Kalish etal. [23] also investigated how to
control the wicking speed by partially ablating a chromatography
paper membrane with a CO, laser. Laser ablation has been
already implemented for NC structuring in pPAD production
[32]. Spicar Mihalic et al. [24] reached a minimum barrier width
of 85 £ 5um on a 135pum thick NC membrane using a CO,
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FIGURE 7

a distance of 25 pm. (A) f=600 kHz, (B) f=10 kHz.

Groove morphologies observed at different laser repetition rates. For both cases 1 = 1,030 nm, OVL = 25 and F;;,, = 15.6 J/cm?. All scale bars represent
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FIGURE 8
Pulse ablation threshold for significant line ablation at different
repetition rates and pulse overlaps. For all the cases A =1,030 nm.

laser operating at 2 W power and a speed of 11.6 mm/s. Our
research group [25, 26] demonstrated ultra-short laser ablation
of a NC membrane with a Yb:KGW-solid-state laser emitting at
515 nm wavelength, for use on a multiparametric immunoassay
[33]. Sumantakul et al. [27] investigated the NC ablation employing
a 455 nm diode laser in enclosed channels using a polyester foil
as cover to avoid contamination, minimize evaporative loss, and
enhance the chemical stability of chemical reagents on the paper-
based device. These studies predominantly focused on finding and
optimizing a set of laser parameters for proper pPAD structuring.
In this work, we focus on the easy-to-implement laser-based
fabrication of both microchannels and mechanically actuated,
robust and reliably switchable barriers in nitrocellulose membranes.
Laser ablation was already used for microchannel structuring
[21-27], which allows high reproducibility, design flexibility, cost-
efficiency, and rapid production. The aim here was to allow the
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realization of a barrier within the same laser fabrication process,
which offers the possibility to effectively stop and restart the fluid
flow. Therefore, we investigated how femtosecond laser pulses
produced narrow groves that can be used as switchable valves which
are initially closed but can be opened at precisely defined time by
bending the uPAD at the grove position, which enables the fluid to
proceed towards the detection zones.

In order to reach our objective, an in-depth examination of the
ablative photodecomposition of a NC membrane under ultra-short
pulses that can be specifically used to construct narrow gaps with
high aspect ratio reaching the complete depth of the membrane,
was carried out. We focused on the ablation behavior when NC
is subjected to a single ultra-short laser pulse, and subsequently,
we explored how these pulses interact, when they are emitted at
a certain repetition rate and with a spatial overlap factor, thereby
creating continuous lines. We conducted our study using laser beams
with infrared (1,030 nm), visible (515 nm) and ultraviolet (343 nm)
light. Moreover, we present the emergence of micro explosions on
the NC substrate under specific laser conditions, which had to our
knowledge never before been studied in detail.

2 Materials and methods

The ablation process was conducted using a diode pumped
Yb:KGW solid-state laser system (Light Conversion Pharos -
Vilnius, Lithuania), with an original wavelength A =1,030 nm.
We employed a frequency divider with both frequency-doubled
(A =515 nm) and frequency-triple (=343 nm) to investigate
the ablation characteristics of nitrocellulose across a wider
radiation spectrum. Laser beam profiles and values of spot
diameter D, (defined as D4c) were measured for A =1,030 nm
and A =515 nm using a laser beam analyzer composed from
a beam splitter (LBS-300) and a beam profiling camera (BGS-
USB-SP928-OSI  from Ophir-Spiricon, LCC - North Logan,
United States). Beam profiles were analyzed using the software
BeamGage Standard (Ophir Optronics, Jerusalem). D, for A =
343 nm laser beam was determined indirectly. A glass wafer
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Ablated groove depth and width for a series of fs-pulses fired at the given laser wavelengths. OVL = 25, f = 600 kHz.
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FIGURE 10

Particularities of the groove ablation at A =343 nm. For both cases, OVL =25, f =600 kHz. All scale bars represent a distance of 50 um. (A)
Nitrocellulose layers as observed in Figure 5C are partially ablated. F;, = 15.6 J/cm?. (B) Accelerated polyester ablation. Fy,e = 22.3 J/cm?.
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was coated with a 200 nm Chromium layer and subsequently
subjected to laser pulses near the ablation threshold (Pulse energy
E, =01 w)). The laser spot diameter D, was defined as the average
obtained from nine single pulse experiments. Values for D,, of 34 pm
for A = 1,030 nm, 19 pm for A = 515 nm, and 9 pm for A = 343 nm
were determined. Laser beam ablation experiments were carried out
on a micro-structuring platform (Microstruct-C from 3DMicromac,
Germany). The beam was focused using a sensor head (Keyence
LK-G010) positioning the scanner lens on focus with an accuracy of
0.02 pm. This sensor uses the laser triangulation method to detect
the reflection of the nitrocellulose membrane surface and determine
the focus position. Pulse energies were measured using a power
sensor (UP19K-15S-W5-XT-3DM Power Detector from Gentec-
EO, Inc., Canada). The laser beam’s position on the membrane
surface was controlled in the case of A = 1,030 nm and A = 515 nm
by a high-performance 3D scanner (Scanlab RTC 5), facilitating
high processing speeds. In the case of A = 343 nm, a fixed objective
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was used in combination with the computer motorized stage of
the micro-structuring platform. Pulses with durations of 227 fs and
212 fs were emitted at repetition rates f =100 kHz and f = 600 kHz,
respectively.

Nitrocellulose membranes (Unisart® CN 140 Backed from
Sartorius, Gottingen, Germany) with a nominal thickness ranging
from 225 to 255 pm and a precise amount of anionic surfactant
for fast wetting characteristics were used [34]. These membranes
included a polyester clear support and the capillary speed was
specified as 95-155 /40 mm. NC membranes were reinforced
with a backing card (0.01” White Polystyr. w/KN-2211% from
KENOSHA B.V,, Netherlands). Characterization of ablation results
was carried out using a laser scanning microscope (Keyence VK-
X260) and a desktop SEM (Phenom XL, ThermoFisher Scientific,
United States).

For the barrier proof of concept, 10% Fetal Bovine Serum (Sigma
Aldrich, Germany) in PBS was used in all cases as fluid.
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Channel width for 1 =1,030 nm, OVL = 3000 and the given pulse
repetition rate. Sudden increase in groove width and its related error
bars signaling explosions expanding transversal to the groove
direction.

3 Results
3.1 Single pulse ablation

Single laser pulses at A = 1,030 nm, A = 515 nm and A = 343 nm
with a pulse width of 212 fs were focused on the NC membrane using
E, between 0.1 pJ and 20 yJ for A =1,030 nm, 0.1 pJ and 10 yJ for
A =515 nm, and 0.002 and 1.320 yJ for A = 343 nm. The ablation
depth d,
average height of the surrounding nitrocellulose and the minimum

was determined as the average difference between the

height in the ablated cavities for nine different pulses. The removal
threshold fluence F,;, was considered to be exceeded as soon as a
removal depth that differed significantly from the surface roughness
of the nitrocellulose material could be determined. Values obtained
for F,;, are given in Table 2. The given precision values represent the
relative deviation between F,, and the highest laser fluence tested
that did not result in significant ablation. For verification, 30 pulses
with laser fluences just below F,;, were delivered at the same position
with f=1 Hz and no significant ablation was observed. Results for
dP
single pulse laser fluence F,,q,
was defined as the relation between d,, ;. and cavity diameter.

With help of SEM micrographs (see Figure 2) three different
morphological regimes were identified:

use and aspect ratio of the cavity in dependence of the delivered
are given in Figure 1. Aspect ratio

A. No-ablation regime below the ablation threshold.

B. Lambert-Beer regime directly above F,,. At all the studied
laser wavelengths a linear relationship between F,
and d,
found. Coefficients of determination for linear logarithmic

ulse
.» consistent with the Lambert-Beer’s law was

uls
interpolation, the resulting linear absorption coefficients and
values for the upper limit of this regime are given in Table 2.
This regime is associated with an ablation morphology as
illustrated in Figure 2B. It shows that material is ejected with
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minimal modification of area surrounding the cavity. As F,
increases, there is a growing tendency for melting at the rim of
the cavity, resulting in smoother sidewalls.

. Scatter regime just above the Lambert-Beer regime when Fy,,,
has reached the critical values 0.57 J/cm? for A = 1,030 nm
and 0.85 J/cm? for A = 515 nm. Here a lid in form of a thin film
out of NC has formed. For infrared irradiation (A = 1,030 nm),
this film appears near the NC surface (see Figure 2C1) and
can fracture due to mechanical or thermal instabilities, as

shown in Figure 2C2. Consequently, values for d,;, measured

ulse
by means of a laser scanning microscope are significantly
reduced and show notable uncertainties. When employing
visible light irradiation (A = 515 nm) this film appears lower
than the NC surface (see Figure 2C3) and a deeper cavity
compared to A = 1,030 nm is measured. For UV irradiation
=0.75

J/cm? when complete removal of the nitrocellulose membrane

(A =343 nm) this regime starts upon reaching F,,,
is observed and the polyester layer below starts to be ablated
(see Figure2C4). At A=1,030 nm a somewhat deviating
morphology was observed for values of F,,, > 1.68 J/cm?,
but not in every case. The nitrocellulose ejected by ablation
clusters on the membrane surface and generates a thicker non-
uniform layer, as shown in Figure 2C5. It can be assumed, that
the persistence of this layer depended strongly on the local
conditions in the stochastic nitrocellulose material. Because of

the difficulty in determining d,,,, due to the partial formation

ulse
of alid capping the ablation cavity, this regime is characterized
by a much larger measurement scatter, which led us to call it

the scatter regime.

3.2 Line ablation

For the ablation with spatially overlapping pulses, we introduced
the parameter OVL. It is a measure of the degree of overlap of
subsequent laser pulses with the area of the initial individual pulse
as defined by D,. OVL is calculated as:

1
o 24

ﬂ.(2)2'

where A; is the areal overlap of each pulse i=0,1,2,3... with the
area of a first laser pulse (i = 0) as sketched in Figure 3. The values

OVL =

for A; were calculated using a Matlab program in dependence of
laser scanning speed v and pulse repetition rate f. Only values for
dbp < D,, had to be considered in the summation, with dbp = .

In this work, we studied the influence of three important
parameters on the characteristics of an ablated line: the spatial
density of laser pulses quantified by OVL, the temporal pulse density
quantified by the repetition rate f, and the laser wavelength A.

3.2.1 Influence of the spatial pulse separation
given by OVL

Lines were ablated at A = 1,030 nm, f=600 kHz and a pulse
duration of 212 fs. v was adjusted to achieve OVL values of 5, 25
and 100. Subsequently, the resulting lines were measured using
laser scanning microscope at a 20X magnification. The obtained
topography image, consisting of 1,024 x 768 pixels, was analyzed
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FIGURE 12

Appearance of macro-explosions on the ablated nitrocellulose at high overlap factors. In all cases OVL = 3000, A =1,030 nm, f= 600 kHz. Scale bars
represent a distance of 500 um. (A) Fy;,e = 1341 J/cm?, (B) Fjjpe = 1395 J/cm?, (C) Fype = 1446 J/cm 2.
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FIGURE 13
Modification of the fluid flow behavior by ablation of a line at the

position of 5 mm. In all the cases OVL =5, 1 =1,030 nm, f=10 kHz
and F;,e as given in the graphic. Reference refers to no ablated line.

using a Matlab code. This code determined the positions of the
groove (ablated line) edges to calculate its width and the deepest
point in 1,024 linear depth profiles perpendicular to the groove.
This procedure was repeated three times to ensure robust and
reliable data for the widths and depths of the ablated lines. The
ulse OVL,
represents the single pulse fluence. Line depth dj;,,

laser fluence for line ablation was calculated as Fy;,, = F,,
where F
as function of Fj,, is given in Figure 4. Moreover, five different
groove morphologies were observed at different laser parameter
sets, as illustrated in Figure 5, which can be grouped in the

following regimes:

A. No-ablation regime for Fj,, < 1.8 J/cm? (in all tested OVL s).
B. Linear regime observed:
1. At OVL=5, with 1.8 J/em® <F;, <122 J/lem® A
linear Lambert-Beer relation was obtained (R? =0.99,
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Oeffline = 348 mm™). For 1.8 J/cm* < Fy,, <4.4 J/cm?,
grooves exhibited a consistent depth profile along the
complete line length, which is corroborated by the
relatively small error bars for dj;,,. The ablation impact
on the surrounding areas was minimal to non-existent,
as exemplary shown in Figure 5B1. For 4.4 J/cm?
< Fj,, <122 J/cm?, linearity was conserved, but a
different groove morphology was observed, as described
under C1.

At OVL =25, and OVL=100 with F,,>602 J/cm?
djy,e was also found to be linear related to Fj,
(R*=0.95, effline = 303 mm™). In this morphology, the
NC membrane is in the middle of the grove ablated through
its entire depth, exposing the polyester over all the groove
length (see Figure 5B2). An increment of F,, at those
conditions generates solely polyester ablation. No thin film
lids were observed. This process leads to low uncertainties
(scatter) in the measuring of dj,,..

C. Scatter regime, where three sub-morphologies were found:
1. At OVL= 25, with 5.7]/cm? < Fy;,, < 28.6J/cm?, a new

morphology emerged. A first single pulse creates a lid
in form of a thin film near the surface of the NC,
and subsequent pulses only partially ablate this film.
This process leads to higher uncertainties (scatter) in the
measuring of dy;,,, (see Figure 5C1).

At OVL =100, with 36.7 J/cm® <F,, <62.6 J/cm?
a modification to the previous sub-morphology
was observed. Several lid layers were formed over
the entire depth of the groove instead of a single
layer (see Figure 5C2). This process also leads to high
uncertainties (scatter) in the measuring of dj;,,,.

At OVL=25, with 350 J/em* <F,,, <455 J/cm?
the nitrocellulose membrane was partially ablated
through its entire depth, exposing the underlying
polyester (see Figure 5C3). Any thin film lids that may
have been formed after initial pulses in this region are
completely removed by subsequent overlapping pulses.
This process leads to less uncertainties (scatter) in the
measuring of d;;,,,
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TABLE 3 Consistency of the results for fluid flow behavior by partial ablation of a line at a given position.

Line fluence, J/cm?

Single pulse energy,

Ablated width, pm

Time required to Time required to

pd overcome the reach the
ablated zone, s benchmark of
23 mm, s
0 (Reference) 65.3+6.7
30 16.1 80.5+9.4 0.6 +0.0 76.0 +10.0
40 214 100.3 +8.0 25+1.1 191.5 + 56.1
50 26.8 117.3 +10.1 3.6+0.5 7413 +43

FIGURE 14
SEM micrograph of the developed barrier, as given in Table 4. Scale
bar represent a distance of 80 ym.

TABLE 4 Laser parameter sets for barrier gap removal.

Coarse removal Fine removal

A, nm 1,030 343

Fy,, Jlem? 0.26 0.03
OVL 5 25
Flipe> Jem? 4.29 0.25
£ kHz 10 10
Depth achieved, um 99.99 +3.20 20.58 +2.88
‘Width achieved, um 39.74 £ 1.68 9.72 £ 1.57
Repetitions 1 3

The groove aspect ratio (dj,, over grooves width) was
found to be not directly affected by OVL nor by Fj,, under
the studied circumstances. Average aspect ratio of all the data
presented in Figure 4 was calculated as 1.04 + 0.22.

3.2.2 Influence of the temporal pulse separation
given by f

An external electro-optical pulse picker based on a Pockels cell
was used to convert the original laser’s pulse repetition rate of
f=600 kHz into f=100 kHz, f=20 kHz and f=10 kHz. Laser
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mark speeds were adjusted to achieve in all cases an overlap factor
OVL = 25. dy;,,, and groove aspect ratio were studied.

While the depth of the ablated lines (d};,,) was found to be
independent of the laser frequency, their aspect ratio was found
to be dependent on both the laser frequency and the line fluence.
Generally, an aspect ratio of 1 was obtained at f=600 kHz and
f=100 kHz. However, when the temporal pulse separation was
increased by decreasing f to 10 kHz and 20 kHz, high aspect ratio
grooves of up to 4.26 were observed (see Figure 6). This difference
in groove aspect ratio is attributed to lid effects (as shown for
single pulses in Figure 2). The lid formation in line patterning with
overlapping pulses depends on the time difference between single
pulses. Figure 7 shows two groove morphologies for lines structured
atA = 1,030 nm, OVL = 25 and Fy;,,, = 15.6 J/cm?®. With a 1.7 ps time
difference between pulses (f =600 kHz, as shown in Figure 7A),
nitrocellulose builds lids on the groove, preventing sufficient depth.
In contrast, a 100 ps time difference between pulses (f= 10 kHz,
as shown in Figure 7B) creates grooves without lids that are ablated
partially until the polyester ground.

It remains to be clarified whether the Labert-Beer Law can be

Fiine )

extended to describe line ablation processes as dy;,, = aL . ln( —ine
of
Additionally, it is uncertain if the fluence threshold for fine ablation

Fup
(Fyj,_tine) is the same as for single pulses (F,,), or if this threshold
depends on the spatial pulse separation (given by OVL) and the
temporal pulse separation (given by f).

Line ablation thresholds for NC were investigated for overlap
factors (OVL) between 25 and 25,000 and repetition rates (f)
between 1 kHz and 600 kHz. As illustrated in Figure 8, pulse
fluences for line ablation thresholds (F,,_;;,./OVL) were found to
exceed the single pulse ablation threshold (F,, = 0.26 J/cm?) for
larger OVL values combined with lower f values. This suggests
that fluence contributions from different femtosecond pulses can
accumulate when delivered within a sufficiently short time interval
(approximately 10 us to 1 ms). For extremely short time intervals
(below 10 ps), line ablation was achieved with pulse fluences below
the single pulse fluence threshold. This indicates that the ablation
effect of multiple pulses is even stronger compared to single pulses of
equivalent total fluence. In these cases, ablation may not begin with
the initial laser pulse but requires multiple lower fluence pulses, a
phenomenon known as incubation. This process involves physical
or chemical changes in the material induced by the first few laser
pulses, which often lead to increased absorption at the irradiation
wavelength [28].
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FIGURE 15
(A) Mechanical actuated barrier by bending it at the gap region,

(B) Template used for achieving a specific bending radius.
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FIGURE 16

Functionality of the mechanically actuated barrier. Testing the yPAD
without bending it (horizontal position) shows that the flow stops at
the barrier position of 5 mm. The same behavior is observed when the
pPAD is bent at the gap position with bending radii of 18 mm or
greater. For bending radii of 12 mm or smaller, the barrier was
actuated in all cases. The higher fluid flow velocity respect to the
reference value at the bent position can be attributed to inertial forces
due to the position of the paper stripe on the template. Six tests were
conducted for each data series.

3.2.3 Influence of the laser wavelength (\)

Laser pulses at A =1,030 nm, A =515 nm and A =343 nm
were delivered using a frequency divider. Pulses were emitted at
f=600kHz and an OVL = 25 was achieved in all cases by adjusting
v. Achieved groove’s depth and width are depicted in Figure 9.

When employing visible light irradiation at A = 515 nm, groove
morphologies were found to be the same as described at IR
irradiation at A = 1,030 nm. Groove width and depth dimensions
showed to be similar in both cases.

Ultraviolet
different ablation regimes. A first linear regime induces the

irradiation at A =343 nm however showed
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creation of grooves without impacting the surrounding areas at
2.5 J/em* < Fy,, <5.8 J/em®. The linear behavior between laser
fluence and ablated depth established under these conditions
is disrupted at higher fluences by the emergence of multiple
nitrocellulose layers, as illustrated in Figure 5C2. By F,, = 14.0
Jlcm?, partial ablation of the generated nitrocellulose layers
becomes feasible, as depicted in Figure 10A. Beyond Fj;,, =20.6
J/em?, grooves were ablated across all the nitrocellulose. In this
case, the underlaying polyester layer experienced accelerated
etching (see Figure 10B), a phenomenon similar to what is observed
by single pulse ablation.

3.2.4 Special case: nitrocellulose explosion
phenomenon

Grooves were ablated using a laser beam with A = 1,030 nm,
emitting at repetition rates of 600 kHz, 150 kHz and 50 kHz,
with a pulse duration of 212 fs. Laser mark speeds were
adjusted to achieve an overlap factor of OVL =3000, while
=0.214 J/cm? and

laser pulse fluences were varied between Fy,,

Py = 0.536 J/cm®.

When employing low laser mark speeds, resulting in high
overlap factors (such as 3000 in this instance), an ablation
phenomenon revealing the explosive nature of nitrocellulose
becomes evident. Specially at high repetition rates, explosions visible
to the naked eye appeared transversally to the length of the ablated
groove (see Figures 11, 12). Detailed analysis under an electron
microscope reveals that in all cases where these explosions occur,
the polyester layer is reached.

3.3 Proof of concept for active valving

High aspect ratio ablation assures that the width of the valving
gap can be minimized. Two applications were developed for fluid
flow control based on the ablation characteristics discussed earlier.
The first one reduces the fluid flow velocity after integrating an
ablated line perpendicular to the flow direction. The second one uses
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different laser parameters to achieve ablation of nitrocellulose over
the entire membrane depth, successfully stopping the flow until the
device is mechanically actuated by bending.

Fluid flow behavior was affected by additional fluidic resistance
at the ablated region due to partial ablation of the nitrocellulose
membrane. Partial ablation refers to the creation of gaps that do
not penetrate the entire depth of the nitrocellulose membrane,
resulting in increased fluidic resistance in the ablated region. Line
fluences were adjusted to F,, = 16.1 J/cm?, E};,, = 21.4 J/cm? and
Fie=268 J/cm®. A laser beam with 1=1,030 nm was
employed, emitting at f=10 kHz and with OVL=5. At
Fjine = 16.1 J/cm?, the partial ablation resulted in a moderate
increase in fluidic resistance, causing a slight retardation
in fluid flow across the WPAD. As Fj,, increased, a more
pronounced effect on fluid flow was observed, with a
significant reduction in flow rate through the uPAD. Exemplary
graphics for the fluid flow behavior at the given line fluences
are shown in Figure 13. The consistency of the results
is shown in Table 3.

In a second application, nitrocellulose ablation over the entire
membrane depth was achieved using two parameter sets: One for
high-speed course removal and one for low-speed fine removal.
These parameters were selected for the NC removal on the
gap region.

In the first step, high etching rates were targeted. The laser
wavelength was set to A = 1,030 nm, and the groove characteristics
were chosen within the linear range (groove morphology
described by Figure 5B1, 1.3 J/cm?® <Fj,, <4.4 J/cm?), using
OVL = 5. High aspect ratio removal was achieved with f =10 kHz.

In the second step, line fluence was set below the ablation
threshold of the polyester backing to ensure selective ablation
of the NC membrane. This approach minimizes energy input
and prevents the formation of a polyester layer on the groove
walls. Maintaining only NC on the walls is crucial, as it prevents
undesired fluidic resistance when the gap is closed. UV Laser (A =
343 nm) was used due to the significantly lower nitrocellulose
ablation threshold compared to visible and IR ranges. The line
polyester ablation threshold at A =343 nm, OVL =25 and f=10
kHz was determined to be Fj,, 4 =2.52 J/cm?. This threshold
was determined using the same method as for the nitrocellulose
line ablation threshold. Figure 14 shows a SEM micrograph of
the developed barrier, revealing partial condensation of NC over
the groove wall. Specific laser beam parameters are detailed
in Table 4.

The mechanical actuated barrier is depicted in Figure 15A.
Barrier actuation was tested both at the horizontal position and
by bending it using templates with arc radii between 5 mm and
240 mm (see Figure 15B). Testing the uPAD at the horizontal
position (no bending), results in a completely stop of the flow at
the gap position of 5 mm-It means, the barrier was completely
closed. This condition was also maintained when the pPAD was
tested on templates with bending radii of 18 mm or greater. Using
a bending radius of 15mm as template, a flow bridging rate
of 33% was observed for six tests. When using a template with
bending radius of 12 mm or smaller, the barrier was actuated in all
the cases. Figure 16 shows the fluid flow behavior for the uPAD at
the given bending radii.
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4 Conclusion

This study demonstrates the potential of femtosecond
laser ablation for precise fluid flow control in nitrocellulose
membranes for uPADs, enabling both flow velocity modulation
and mechanically switchable barriers. By investigating ablation
characteristics across multiple wavelengths and laser configurations,
we have identified optimal parameters for producing narrow, high
aspect ratio barriers that can effectively control fluid flow.

Our the
of laser ablation in nitrocellulose membranes, particularly
The
ablation thresholds for a single pulse (F,,=0.26 J/cm? at
1 =1,030nm, F,, = 0.28 J/cm? at A = 515 nm, and F,, = 0.03 J/cm? at
A =343 nm) are notably lower than previous reports [19], which can

findings significantly advance understanding

when compared to previous literature. observed

be attributed to several factors, primarily the pulse duration. Our
investigation also provides valuable insights into the interaction
between overlapped ultra-short laser pulses and the nitrocellulose
membranes, contributing to a deeper understanding of the ablation
process and offering guidance for fine-tuning laser parameters to
achieve desired barrier properties.

The investigation of laser-nitrocellulose interactions provides
the foundation for developing uPAD valves that can be easily
integrated into pPAD manufacturing processes. We engineered two
types of control devices:

1. Flow Velocity Modulation-A device, incorporating a partially-
ablated line perpendicular to the fluid flow demonstrated
significant flow retardation. The time required for fluid to
traverse an 18 mm benchmark after contact with the line,
increased from 10.7 s to 675.7 s, correlating with increasing
laser line fluence. This retardation offers the possibility to
increase the fluid residence time at test and/or control zones.

. Mechanically Actuated Barrier-We fabricated a device
featuring a laser-ablated gap that completely halts fluid flow.
Upon mechanical actuation (bending it with a radius < 12 mm
at the gap region), fluid flow resumes. This switchable barrier
enables on-demand flow control, critical for multi-step assays.

These innovations in fluid dynamics control enhances yPAD
functionality and versatility, facilitating more complex, multi-step
analytical procedures.

Future work should focus on optimizing the mechanical
actuation of these laser-ablated barriers and exploring their
performance in various pPAD applications. Additionally, further
investigation into the long-term stability and reliability of these
barriers under different environmental conditions would be valuable
for practical implementation.

Overall, this study represents a significant step forward in
uPAD fluid control techniques, offering new possibilities for a
wider use in more sophisticated analytical applications that require
controllable flow.
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