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Femtosecond Laser Transmission Joining of Fused Silica and

Polymethyl Methacrylate

Felice Alberto Sfregola,* Raffaele De Palo, Caterina Gaudiuso, Pietro Patimisco,

Antonio Ancona, and Annalisa Volpe

In this study, polymethyl methacrylate (PMMA) is joined with fused silica
using pulsed femtosecond laser transmission micro-welding. This technique
enables the welding of transparent materials to each other without the need
for intermediate opaque layers, through localized energy deposition. The laser
parameters — peak fluence, scanning speed, and hatch distance — are
systematically optimized to maximize joint shear strength. The ATR-FTIR
spectroscopic analysis has proven that mechanical interlocking is the primary
mechanism of joint formation between the two materials. An analytical model
based on heat accumulation is developed to describe the joining process, with
a good predictive quality confirmed by comparison with the experimental
results. This joining approach is applied to seal a hybrid PMMA-fused silica
microfluidic chip. The device has successfully passed a static leakage test by
withstanding pressures up to the full-scale value of the employed microfluidic
pump at 2 bar, demonstrating the effectiveness of femtosecond laser
transmission welding for fabricating robust and reliable joints in hybrid

microfluidic devices.

1. Introduction

In recent years, polymers have become the materials of choice
for disposable Lab-on-a-Chip devices due to their versatility, ease
of fabrication, and advantageous physical and chemical prop-
erties. Among various thermoplastics, polymethyl methacrylate
(PMMA) stands out due to its unique physical and chemi-
cal properties that make it particularly suitable for microflu-
idic applications. PMMA is biocompatible, optically transparent,
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and demonstrates excellent mechanical
strength and chemical resistance.l'l More-
over, its adaptability is further highlighted
by the broad range of compatible fabrica-
tion techniques, including laser microma-
chining, photolithography, injection mold-
ing, and hot embossing.[?!

Despite these advantages, the integra-
tion of PMMA with non-polymer substrates
such as glass, piezoelectric materials, semi-
conductors, and ceramics presents signif-
icant challenges. This is particularly rel-
evant as the need for hybrid structures
and components increases across various
industries, including automotive, micro-
electronics, aerospace, and healthcare.[>

Various bonding techniques between

thermoplastic ~ components, including
lamination, ultrasonic  welding, and
thermo-compression ~ bonding,  have

been successfully employed to seal mi-

crochannels within PMMA devices.[?”]

However, achieving robust and reliable
bonding of polymers to non-polymer substrates remains prob-
lematic due to their differences in physical and chemical prop-
erties. Conventional strategies, including adhesive-based meth-
ods, lamination bonding, localized heating!®" and surface acti-
vated bonding,!®! have been explored to overcome these bond-
ing challenges. However, these methods often require complex,
expensive, and time-consuming processes, as well as the use of
glues or intermediate films, which can lead to issues such as sol-
vent outgassing, biocompatibility concerns, and environmental
threats.

In this context, laser transmission welding (LT'W) has emerged
as a promising technique for joining thermoplastic polymers!’!
and polymer-metal hybrid structures.®] This non-contact direct
bonding technique involves transmitting a laser beam through
a transparent polymer and focusing it at the interface with an
opaque substrate. The absorbed laser energy is converted into
heat, leading to localized melting and subsequent bonding upon
cooling. Compared with other joining methods, laser welding is
fast, precise, reliable, and compatible with automation.[®! Tradi-
tional LTW faces significant limitations when joining transparent
materials due to the need for light-absorbing intermediate layers.
This is where ultrafast laser technology becomes advantageous.

Ultrafast lasers, with their extremely short pulse durations and
high peak intensities, induce nonlinear absorption processes in
transparent materials, enabling energy deposition in the focal
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Figure 1. Schematic of the clamping setup. The sample holder is provided with an XYZ linear translation stage.

volume that can be precisely located at the interface between
the substrates in order to induce confined materials modifica-
tion without the need for additional absorbing layers.’! Bond
formation in ultrafast LTW depends on the physical, chemical,
and optical properties of the involved materials, as well as the
laser parameters, such as pulse duration, peak fluence, repeti-
tion frequency, and focal position.['! The complex interplay of
these factors prevents a straightforward and comprehensive un-
derstanding of the process. Consequently, a systematic optimiza-
tion of the laser parameters is required on a case-by-case basis,
often achieved through empirical or statistical approaches.!1

Ultrafast LTW has been widely employed for bonding of trans-
parent hard and brittle (THB) materials and THB material-
metal hybrids,['!l but recently has also been applied to poly-
mers. Femtosecond lasers have been employed to weld homoge-
neous transparent polymers, such as PMMAI'? and cyclo-olefin
copolymers,[l and to bond hybrid polymer-semiconductor
structures like PMMA-silicon.['*l However, the use of ultrafast
LTW for joining transparent polymers to THB materials is yet to
be explored.

In this work, the feasibility of joining PMMA to fused silica by
femtosecond laser transmission microwelding was investigated.
The influence of peak fluence, scanning velocity, and weld pat-
tern on the bonding strength was studied through a push-test
configuration. Morphological and spectroscopic analyses of joint
interfaces provided insights into the nature of the bond. The bond
formation was further studied by developing an analytical heat
accumulation model. Finally, a microfluidic PMMA-fused silica
hybrid device was sealed using the developed femtosecond LTW
technique and its performance was evaluated through a static
leakage test.

2. Results and Discussion

2.1. Influence of Laser Working Parameters

In this study, high-purity optical-quality fused silica and poly-
methyl methacrylate (PMMA) substrates were stacked on top of
each other and clamped together, as schematized in Figure 1.
The linearly polarized Gaussian laser beam, emitting at 1030-
nm wavelength, was focused on the interface between the two
substrates with a 100- mm focal length f-theta lens coupled to
a Galvo scanner. This arrangement ensured that both materi-
als were within the effective focal depth of the laser, keeping
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Table 1. Operating laser parameters analyzed during the process optimiza-
tion.

Parameter Value

1-10-100
0.79-1.06-1.32-1.59-1.85-2.11
50— 100 - 200 — 300 — 400 — 500 — 600 — 800

Scanning velocity v, [mm s™]
Peak fluence Fy [J cm™2]

Hatch spacing h [um]

the laser-induced plasma and melted material confined at the
interface.[*>] This condition, known as optical contact, is verified
when the gap between two substrates is below a quarter of the
wavelength and interference fringes, specifically, Newton’s ring
pattern, are observed.

The clamping setup was fixed on a 3-axis manual linear trans-
lation stage (resolution of 10 um) to facilitate the positioning of
the interface at the focal plane of the f-theta lens. The optimal fo-
cusing position, which enabled continuous laser-induced mod-
ification on both sides of the interface, was found by perform-
ing a z-scan procedure which consisted in writing several laser
traces at different z-heights over a range of 400 pm centered at
the interface with steps of 50 um.['®] This optimization is crucial
for achieving reliable and strong bonding between transparent
materials due to the high localization of the focused beam and,
therefore, of the laser-induced material modifications.’!

The strength of a joint achieved through ultrafast laser weld-
ing is significantly influenced by the laser working parameters,
specifically the repetition frequency, scanning velocity, and peak
fluence.l'] These parameters control the laser energy deposited
per unit area and time, thereby determining the laser-matter in-
teraction and weld formation. At a fixed repetition frequency f, of
200 kHz, the impact of the other two parameters was analyzed by
scanning single 3-mm lines for each set of values listed in Table 1.

The range of investigated pulse peak fluence was selected to
match the ablation threshold fluences of the two materials,[718]
while the scanning velocities were chosen to ensure a sufficient
number of pulses per spot (N, > 50) for heat accumulation phe-
nomena to occur.'”:18]

Figure 2 shows the optical microscope images acquired at the
interface between the two substrates after the laser welding pro-
cess with representative sets of working laser parameters. It was
found that for velocities greater than 1 mm s™' and peak flu-
ences below 1 ] cm™2, a strong and durable bond could not be
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Figure 2. Optical microscope images in transmission mode of the welded single lines on the interface at v, = 1 mm s~ and representative peak fluences
of a) 1.06, b) 1.32, and ¢) 2.11) cm™". The red dashed lines highlight the width of the melted track.

achieved. Microscope images reveal that the weld seam is charac-
terized by an ablation line surrounded by a modified area, whose
width w is significantly influenced by the peak fluence. This sug-
gests that the PMMA substrate underwent thermal modification
rather than pure ablation during the welding process, as it will
be further shown in the subsequent sections. A repeatable and
homogeneous weld was achieved at F, = 1.32 ] cm~2 (Figure 2b),
with an average melted track width of 129 + 3 um. Conversely, at
peak fluences above 2 ] cm™2 (Figure 2¢), a bond was consistently
formed but the weld seam was inhomogeneous and varied in ex-
tent with each test, even under identical irradiation conditions.

The chosen weld pattern consisted of an array of parallel scan-
ning lines with a fixed distance determined by the hatch spac-
ing h. The weld strength at different h values (see Table 1)
was evaluated using a custom shear break testing rig (see Sec-
tion 4).1'*] Figure 3a shows the dependence of the measured shear
strength S on the hatch spacing h at fixed laser parameters (F, =
132 ] ecm™, v, = 1 mm s7!). The observed behavior, which
peaks at b = 200 um, can be explained considering the trade-
off between the width w of the melted track and the hatching
distance.[*

As shown in Figure 3b, when h/w > 1, the scanning lines are
well separated, resulting in a reduced effective welding area that
does not uniformly cover the processed area, thus leading to low
bonding strength. Conversely, if h/w < 1, the laser-melted tracks
of adjacent scanning lines overlap, meaning that scanning lines
are produced on already modified zones rather than pristine ma-
terial. As observed by Richter et al.[”] the melting and subse-
quent quenching during the welding process induce tensions
and stresses in the material which act as predetermined breaking
points, reducing the ultimate joint strength. Consistently with
these considerations, the maximum shear strength was achieved
at a hatch spacing close to the average weld seam width (h/w = 1),
which provided a uniformly covered welding area is with mini-
mal overlap. A similar trade-off behavior has been reported for
fs-laser bonding of silicon to PMMA %l and welding of similar
and dissimilar glasses.[°!

2.2. The Joining Mechanism
To understand the bonding mechanism at the interface between

PMMA and fused silica, a detailed analysis of the weld seam mor-
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Figure 3. a) Shear strength of bonded samples as a function of the hatch
distance hat F, = 1.32)ecm 2 and v, = 1 mm s~ The higher shear
strength is obtained at h = 200 um. Data points are connected by straight
dashed lines only for enhanced visualization. b) Sketches of the overlap
between consecutive scanning lines for different ratios of h/w.

phology was conducted through SEM imaging (Figure 4). The
SEM images of the two materials after breaking the bond re-
vealed distinct features in both the non-joined and joined areas.
The non-joined fused silica (Figure 4a) exhibited an ablation track
less than 10-um wide, characterized by a series of grooves that
increased the surface roughness. In the joint region of the fused
silica (Figure 4b), the processed area presented what seemed to
be alayer deposited on the substrate covering up the grooved sur-
face. This experimental evidence suggested that PMMA melted,
spread across the interface, and then resolidified during the weld-
ing process, remaining attached to the fused silica substrate after
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Figure 4. SEM images of the a) non-joined area of the fused silica, b) weld seam on the joined area of the fused silica, and c) PMMA. d) ATR-FTIR

spectra of the two pristine materials and the weld seam.

the bond was broken. Finally, the SEM image of the PMMA
(Figure 4c) displayed a melted track of comparable width to the
weld seam observed in fused silica. These findings suggest the
formation of a mechanical bond through an anchorage mecha-
nism, where the rough, grooved surface of the fused silica in-
terlocked with the melted and solidified PMMA, enhancing the
joint’s strength and stability. This bonding mechanism has al-
ready been observed for the laser joining of PMMA hybrid struc-
tures with silicon,*l alumina ceramic?’ and stainless steel.[?!]
The chemical properties of the bond were investigated through
ATR-FTIR spectroscopy, first by analyzing the two pristine ma-
terials individually and then by examining the joined area on
the fused silica substrate after breaking the bond. As shown in
Figure 4d, the spectrum of the weld seam exhibited peaks identi-
cal to those of the pristine PMMA spectrum, indicating the pres-
ence of a layer of PMMA still attached to the fused silica substrate.
Specifically, the spectrum included bands corresponding to the
alkyl groups (CH; and CH,) stretching at 2950 cm™ and the
PMMA characteristic band at 1720 cm™! ascribed to the carbonyl
group (C=0) stretching.[??] Although the weld seam spectrum
did not exhibit significant macromolecular changes compared
to pristine PMMA, slight modifications were observed. These
included variations in the absorbance of PMMA characteristic
bands, which could be attributed to oxidative photodegradation
of the polymer during the welding process.*”) This degradation
can be quantified by the carbonyl index, calculated as the ratio
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of maximum absorptions of carbonyl group stretching to alkyl
group stretching.[?*) The carbonyl index decreased from 7.10 in
the pristine material to 4.66 in the weld, indicating chain scis-
sion via photooxidative processes due to the intense laser-matter
interaction.[?*] This degradation has probably compromised the
polymer’s mechanical behavior, reducing its tensile strength,[??]
which may contribute to a reduction in the maximum shear
strength of the bond, as previously discussed. Finally, the baseline
below 2000 cm™! for the weld seam spectrum can be attributed to
a minor and broad contribution from the fused silica substrate,
upon which the melted PMMA is deposited.

2.3. The Role of Incubation on Heat Accumulation

The proposed interlocking mechanism responsible for the bond-
ing at the interface between PMMA and fused silica relies on the
different responses of the two materials to laser irradiation. Ex-
perimental evidence suggests that PMMA, with a glass transi-
tion temperature of 110 °C, melts when exposed to laser radia-
tion, while fused silica, with a significantly higher glass transi-
tion temperature of 1200 °C,[5] undergoes pure ablation. The
temperature distribution in the two materials after irradiation
with a series of fs-pulses can be calculated using the heat accu-
mulation model developed by Weber et al.l?’] This model, based
on the solutions of the heat conduction equation introduced by
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N.N. Rykalin, has been already used to describe the laser welding
process in dissimilar materials.'*] According to this model, the
temperature increase caused by heat accumulation after a series
of N, laser pulses delivered with a repetition frequency f; is given

by:
ey o[- (5) /(1)

(1)

where ¥ = x* +y? + z? and x, y, z are the spatial coordinates.
Here, T, is the initial temperature, p is the mass density of the
material, ¢, its specific heat capacity, x = A,/(p * ¢,) is the
temperature conductivity, A, is the heat conductivity. The ma-
terial properties are assumed to be constant and temperature-
independent. Furthermore, the pulses are considered to have a
Gaussian spatial distribution and negligible duration compared
to the thermal diffusion timescale. The factor of 2 is introduced
when the heat source is on a surface, allowing heat to flow only
into one-half space. The thermal energy Qy, is defined as the frac-
tion of total absorbed incident laser pulse energy E, converted
into heat:

Qu=mny-Ep ()

where 5, is a time-dependent function of both the material prop-
erties and the laser processing parameters, particularly the inci-
dent fluence and the ablation threshold fluence F, (N), defined
as the minimum laser fluence to start the ablation process.”’] In
Weber et al.l?®] this fraction is assumed to be constant and left
as a free-fitting parameter. However, as reported by Ben-Yakar
et al.,[?® 57, can be defined as the ratio of the energy required
to raise the temperature of a material unit volume to the melting
point over the energy required to ablate the same volume, and it
can be expressed as

_ P (Tm ~ TO) 3
M= E,JV 3)
where T,, is the melting temperature, T, is the initial tempera-
ture of the material and V is the single-pulse ablation volume.
For amorphous materials such as fused silica and PMMA, which
do not have a defined melting point but instead transition from a
brittle, glassy state to a more ductile, rubbery state with increas-
ing temperature,!””! the glass transition temperature T, was used
in place of the melting temperature. In the case of femtosecond
laser ablation of borosilicate glass, only a tiny fraction of the in-
put energy (~0.47 %) is used to melt the ablation volume.[?®] This
result is not surprising because ultra-fast laser-material interac-
tions are primarily driven by non-thermal processes,*°} and most
of the absorbed energy is actually used to vaporize and remove
the ablated material from the surface.3!]

The ablation volume V could be estimated by evaluating the
volume integral over the Gaussian profile of the crater:1>®)

D/2
V= 27:/0 rh, (r) dr 4)
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where r is the radial distance from the center of the crater. D and
h, are the diameter and the depth of the ablated crater, respec-
tively, and can be measured. The estimated volume is ~ 50%—
60% of the volume of the cylinder enclosing the crater profile.(?®]
The ablation volume scales linearly with the squared logarithm
of the laser fluence because D? and h, depend separately on the
logarithm of the fluence.[?8]

According to Liu et al.,*?] the squared diameter D* of craters
ablated by pulsed Gaussian laser beams is related to the ablation
threshold fluence F, (N) through the following equation:

— FO
o= in (i) ®)

where F, is the peak laser fluence defined as:

_2E,

0= (©)

Tw?

and wis the 1/e? Gaussian beam radius, i.e., the spot size. A simi-
lar relationship can also be found for the ablation depth per pulse
h,:281

———— FO
b=y In (Fm (N)> 7

-1

where a.5' can be interpreted as the “effective optical pene-
tration depth” of the laser radiation as expected from the Beer-
Lambert law. This ablation regime is only accessible with sub-
picosecond laser pulses. For pulse lengths longer than 1 ps, the
ablation threshold shifts to higher values, and the macroscopic
ablation threshold is defined by the effective heat penetration
depth rather than the optical penetration depth.[33]

The ablation threshold F,, (N) depends both on the material’s
properties and the laser parameters.[**] Furthermore, it has been
experimentally observed for several materials, including THB
dielectrics(3>3] and polymers,!*”] that by irradiating their surfaces
with a series of N consecutive pulses, their ablation threshold
lowered.3”] This phenomenon, known as the “incubation effect”,
is often described through different mathematical models that re-
late the multi-pulse ablation threshold Fy (N) to the single-pulse
threshold Fy,,. For both fused silica’® and PMMAI'7! the accu-
mulation mechanism is better described by a power law:

Fy, (N) = Fy,; N°7! (®)

where 0 < S < 1 is an empirical parameter that quantifies the
strength of the incubation in the target material and is known
as the incubation coefficient. This relationship, along with Equa-
tion 5 and Equation 6, enables the evaluation of the single-pulse
ablation volume V for the N-th pulse based on the materials pa-
rameters available in the literature, eliminating the need for di-
rect measurements. Consequently, Equation 1 can be rewritten
without free-fitting parameters as:

()= To 4 2-(T,-T,) NE VM o [— <£> / <}—V)]
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Table 2. Parameters values used for PMMA and fused silica in the heat
accumulation model.

Parameter PMMA Fused silica
Mass density p [g cm™] 1.18 2.20
Specific heat capacity ¢, [ kg™ K] 1466 740
Heat conductivity Ay, [W m™ K~T] 0.25 1.38
Effective absorption coefficient a [cm™] 1.45 « 1041771 7.3+ 104078
Ablation threshold fluence Fy, ; [J cm™2] 2.61171 2.1118]
Incubation coefficient S 0.671"71 0.76l8

This formulation for the heat accumulation model highlights
the role of incubation on the temperature distribution during
pulsed materials processing. Moreover, it provides a straightfor-
ward approach for estimating the laser parameters, such as peak
fluence F,, and repetition frequency f,, required to either achieve
material fusion or prevent it, depending on the specific proper-
ties of the materials involved. The parameters used in this study
for PMMA and fused silica are listed in Table 2.

The model was employed to simulate the temperature distribu-
tion within both materials for each set of working laser parame-
ters listed in Table 2. To simplify the analysis, an equal energy dis-
tribution between the two materials at the interface was assumed,
and a single irradiated spot was considered instead of scanning
lines. The number of incident pulses N, was calculated based on
the spot size (w = 16 pm) using the formula 2w « f)/v,.['* The
effective pulse overlap PO(%) of consecutive laser pulses was also
taken into account by using the formula (1 —v,/(2w s f,)) « 100.53]

For the fused silica, the model predicts a maximum tempera-
ture of #106 °C at the highest peak fluence and pulse number
(Fy = 2.11 ] ecm™, N, = 6400, PO = 99.98 %). This temper-
ature value is insufficient to cause thermal modification of the
material,[®) supporting the experimental evidence that fused sil-
ica undergoes non-thermal ablation.

Conversely, the laser parameters play a crucial role in influenc-
ing the melting behavior of the PMMA substrate due to its rela-
tively low glass transition temperature. The width of the melted
track was determined by evaluating the area of the temperature
distribution exceeding 70 °C, at which the material begins its

@
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N
o
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@
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transition from the glassy to the viscoelastic phase.[*! Figure 5a
presents the temperature distribution simulated by using Equa-
tion 9 for the laser parameters (F, = 1.32]Jcm™2,v, = 1mms™})
set during the welding process, showing a predicted melted track
width of 128.73 pym, compatible with the measured value of
129 + 3 pm.

Experimental measurements of the melted track width, eval-
uated as the average along single scanning lines, were com-
pared with simulation results for each set of laser parameters.
Figure 5b shows these results plotted as a function of the peak
fluence for v, = 1 mm s, demonstrating the model’s accuracy
with an adjusted R? = 0.89. Similar results were observed for
v, = 10 mm s~!, confirming that for melted track widths less
than 70 um, strong and repeatable bonding could not be achieved.
These findings validate the proposed model as a reliable tool for
designing laser processing experiments.

2.4. Proof of Concept: Microfluidic Channel Sealing and Testing

The optimal operating parameters for achieving maximum joint
shear strength were employed to assemble a hybrid microfluidic
chip, following the procedure developed by Capodacqua et al.**]
(see Section 4), as depicted in Figure 6a. The weld seam, consist-
ing of five scanning lines that follow the profile of the channel and
the two reservoirs, covers an effective width of ~1 mm and does
not hinder the optical clarity of the device. As shown in Figure 6b,
the ablation lines and the melt spread are confined to the imme-
diate vicinity of the scanning lines, thus preventing any potential
clogging of the microfluidic channel. These observations demon-
strate the technique’s applicability to real-world scenarios.

The performance of the assembled microfluidic system was
determined through a static sealing test developed by Rasponi
et al.®% (see Section 4). The chip passed the test, withstanding
pressures up to 2 bar, which corresponds to the full-scale value of
the employed microfluidic pump. In comparison, similar tests on
hybrid silicon-PMMAM™ and homogeneous PMMA["?] devices,
assembled using the same procedure, exhibited maximum pres-
sure tolerances of 30 mbar and 1 bar, respectively. Conversely, a
similar hybrid PDMS-Glass bond,!*°! achieved through plasma
bonding, exhibited a maximum bonding strength of 0.51 MPa

)
200 T T
— — Calculated Melted Track width
#  Measured Melted Track width s
150 -5 -
— - >3] - i
£ .
< 100 =i
:E e
= -
4
501 ’
1
1
1
0 ; | }
05 1 1:5 2

Fluence (J/cm2)

Figure 5. a) Temperature radial distribution in PMMA calculated for Fy = 1.32 ) cm™2 and v, = 1 mm s™. In the blue area the temperature is above
70 °C, resulting in the material being in a melted state. b) Laser-melted track widths as a function of the peak fluence F;. The experimental data are fitted

with the simulated results from the developed heat accumulation model.
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Figure 6. a) Schematic of the assembly of the hybrid PMMA-fused silica microfluidic chip. b) Optical microscope image in reflection mode of the sealed

microfluidic channel at the interface.

in a pressure injection test. This outcome demonstrates that ul-
trafast laser transmission microwelding could provide superior
pressure resistance and bonding reliability compared to other
commonly used methods, highlighting its potential for high-
pressure microfluidic applications.

3. Conclusion

This study successfully demonstrated the feasibility of joining
polymethyl methacrylate (PMMA) and fused silica using fem-
tosecond laser transmission welding. By systematically optimiz-
ing laser parameters, including peak fluence, scanning speed,
and hatch distance, robust and reliable joints were achieved. A
detailed analysis supported by SEM imaging and ATR-FTIR spec-
troscopy revealed that mechanical interlocking was the primary
bonding mechanism. The formation of grooves on the fused
silica surface, subsequently filled with melted and resolidified
PMMA, created strong interfacial adhesion. The developed heat
accumulation model confirmed that the distinct thermomechan-
ical properties of the two materials resulted in non-thermal abla-
tion for the fused silica and melting for the PMMA. This model
also enabled accurate prediction of the laser-melted track widths
in the PMMA under varying operating parameters, emerging as
a promising tool for designing laser material processing experi-
ments.

The practical viability of femtosecond laser transmission weld-
ing was further demonstrated through the successful application
of this technique to seal a hybrid microfluidic chip, which with-
stood pressures up to 2 bar. The proposed laser-based method ex-
hibited superior pressure resistance and bonding reliability com-
pared to other common methods, highlighting its potential for
fabricating robust microfluidic devices and other hybrid struc-
tures between polymers and transparent hard and brittle materi-
als.

The possibility offered by the fs laser technology to be utilized
in different machining steps, as drilling, milling, and welding,
suggests the potential to develop a monolithic fabrication plat-
form for LoC hybrid devices. This approach could enable straight-
forward and automatic processing of materials using a single
light source coupled with a scanning head, eliminating the need
for chemicals, masks, or intermediate steps.

Macromol. Mater. Eng. 2024, 2400354 2400354 (7 of 9)

4. Experimental Section

Samples and Clamping Configuration: In this study, high-purity optical-
quality polymethyl methacrylate (PMMA) (Vistacryl CQ, Vista Optics Ltd)
and fused silica (Nano Quarz Wafer GmbH) substrates were employed,
each with an area of 24.5 X 24.5 mm? and a thickness of 1 mm. Both
PMMA and fused silica were certified with /4 flatness and surface rough-
ness of less than 5 nm. Prior to the bonding process, the PMMA samples
underwent sonication in deionized (DI) water for 15 min. The substrates
were stacked on top of each other and clamped together using a 4-point
bolt system to ensure uniform pressure across their surfaces. Since the
position of the clamps was observed to affect the diffusion of molten ma-
terial, a consistent clamping configuration was maintained across all trials
to reduce potential systematic errors.

Laser System: The light source employed was a femtosecond solid
state laser system (PHAROS SP 1.5, Light Conversion) emitting a linearly
polarized, almost diffraction-limited (M?> = 1.3) laser beam at a nomi-
nal central wavelength of 1030 nm. In the present study, the pulse dura-
tion 7p = 190 fs and repetition frequency f, = 200 kHz were fixed, while
the pulse energy E, was finely tuned by a half-waveplate and a polarizer.
The linearly polarized beam was focused on the interface between the two
substrate surfaces with a f-theta lens of 100 mm focal length, coupled to a
PC-controlled galvo scanner (IntelliSCANN 14, SCAN-LAB). The estimated
beam waist @ in air was 16 um.

Shear Break Test: The weld strength was evaluated using a custom
shear break testing rig, schematized in Figure S1 (Supporting Informa-
tion). The PMMA substrate was clamped to a fixed stage with half of the
glass substrate extending over the edge of the stage, while a dynamome-
ter (FK 250, Fr. Sauter AG) was mounted on a movable translational stage.
In this push-test configuration, the dynamometer was manually pushed
against the edge of the glass substrate until the joint broke. The bond
shear strength S was calculated as the ratio between the force F registered
at the breaking point and the weld area A: S = F/A. To ensure consistent
and reproducible measurements, the welds always covered a fixed area
A = 5x5mm?, and the force was always applied parallel to the scanning
lines.

Analyses of the Weld Seams: The morphology of the weld seams was
assessed using an optical microscope (Nikon Eclipse ME600) and a scan-
ning electron microscope (SEM, Sigma 560 VP, Zeiss). Infrared spectra of
the weld seams and each pristine material were acquired using a Fourier
Transform Infrared (FTIR) spectrometer (Nicolet iS50, ThermoFisher) in
attenuated total reflectance (ATR). Spectra were collected from 500 to
4000 cm~' by combining 32 sequential scans for noise reduction.

Fabrication and Testing of the Microfluidic Chip:  The hybrid microfluidic
chip featured a single straight microchannel, 1 cm in length, which con-
nected two reservoirs with a diameter of 0.8 mm. The microchannel, mea-
suring 300 um in width and 200 um in depth, was micromachined on the
surface of the PMMA substrate using the same laser source and operating
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parameters (Ep = 8y, f, = 25kHz, v, = 30 mms~', h = 3 um) provided
by Volpe et al.[41l The device was assembled by producing a weld seam that
enclosed both the channel and the reservoirs, effectively sealing the entire
device. For the static leakage test, the inlet was connected to a microflu-
idic flow controller (OB1 MK3+, Elveflow), operating between 0.01 mbar
and 2 bar, and the outlet was clamped, as schematized in Figure S2 (Sup-
porting Information). A solution of distilled water and red organic dye was
injected into the microfluidic channel at increasing pressures in 100 mbar
increments. Each pressure level was maintained for 120 s while a camera
(AD7013MTL, 20-90X magnification, Dino-Lite) was used to monitor the
channel in real-time for any signs of leakage.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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