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Abstract 

Laser welding is a precise material joining technique offering localized heating and a minimal heat-affected zone. For 
transparent polymers without an absorber layer, ultrafast pulses can trigger non-linear phenomena needed for welding. 
This study optimizes the scanning speed and fluence per pulse for welding polycarbonate using a 1.03 μm wavelength 
femtosecond laser. The cumulative fluence is calculated at the weld seam center and edge to determine the maximum and 
minimum energy per unit area, and the weld seam quality is assessed optically. Optimal results are achieved at scanning 
speeds of 10 and 20 mm/s with fluence per pulse of 0.38 – 0.72 J/cm2 and 0.65 – 1.14 J/cm2, respectively. Two damage 
regimes are identified: one caused by high cumulative fluence at low speeds (5 mm/s), and the other by high fluence per 
pulse (1.50 J/cm2) at high speeds (30 mm/s). These findings reveal how energy deposition shapes weld seam morphology 
and quality. 
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1. Introduction 

The bonding of polymers is gaining attention because of its ability to produce complex, multi-material assemblies that 
are highly valued in advanced micromanufacturing industries such as electronics, automotive, and healthcare (Friedrich & 
Almajid, 2013; Osellame et al., 2011; Wan et al., 2020). However, conventional bonding techniques—such as adhesive 
bonding, thermal welding, mechanical fastening, etc.—often fail to meet the requirements of high-precision manufacturing. 
These methods are frequently limited by issues such as biocompatibility concerns, poor dimensional control and extensive 
post-processing steps, making them less suitable for micro-scale systems (Temiz et al., 2015; Volpe et al., 2021; Zhang et al., 
2017). In microfluidic systems and similar domains, the quality of the weld seam is critical: imperfections or inconsistencies 
at the seam can compromise structural integrity, introduce leakage, or impair device performance (Temiz et al., 2015; Tsao 
& DeVoe, 2009). Ultrashort pulsed (USP) laser welding offers high spatial precision, making it particularly advantageous for 
delicate or microstructured substrates. USP’s defining characteristics—extremely short pulse durations and high peak 
intensities—enable nonlinear absorption phenomena. When tightly focused on the interface of two transparent polymer 
substrates, ultrafast laser pulses induce nonlinear absorption, resulting in localized heating, softening, and partial melting of 
the polymer. Upon rapid cooling, polymer chains from both substrates may interdiffuse across the interface, forming a 
permanent weld. 
Despite significant progress in laser-based bonding of similar and dissimilar materials—such as glass-glass, glass-metal, glass-
semiconductor, and metal-polymer systems—the application of ultrashort pulsed (USP) lasers to weld transparent polymers 
remains relatively underexplored (Bardin et al., 2007; Kim et al., 2018; Mingareev et al., 2012; Schricker et al., 2020; Xu et 
al., 2023). The findings of Volpe et al. show that successful bonding of PMMA substrates using femtosecond laser pulses, 
achieving microfluidic channels capable of withstanding internal pressures up to 1 bar (Volpe et al., 2015). The study by Roth 
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et al. indicates that higher scanning speeds are possible while maintaining good bond strength for the COC polymer when 
pulse overlap and focal positioning are carefully optimized (Roth et al., 2016a). More recently, Capodacqua et al. reports 
successful bonding of PMMA to silicon, highlighting the importance of interfacial absorption and thermal expansion 
mismatch in achieving reliable adhesion across dissimilar materials (Capodacqua et al., 2023). While these studies contribute 
valuable insights into process feasibility and mechanical performance, they often overlook weld seam quality, including its 
geometry, uniformity, and defect formation. Additionally, the spatial distribution of fluence—particularly at the center 
versus the edges of the weld—remains insufficiently characterized. These aspects are critical for understanding the laser–
polymer interaction mechanisms and for improving the repeatability and visual quality of the weld seam in precision 
applications. 

This study focuses on the morphological quality of the weld seam produced by a Gaussian beam in multiphoton polymer 
welding, as the weld seam plays a critical role in defining the material fusion zone and directly impacts the reliability and 
integrity of the joint. Specifically, it investigates how fluence per pulse and scanning speed influence the formation of a 
homogeneous weld seam. These parameters are systematically varied to calculate the cumulative fluence and analyze its 
spatial distribution across the weld line. At higher energy regimes, partial absorption of the Gaussian beam occurs before 
the focal plane, leading to an axial offset between the intended and actual weld locations. This offset increases with energy 
and must be considered in fluence calculations. To account for this, the axial position (𝑧) is defined based on the measured 
offset, and the radial distance(𝑟)  is taken as half the measured seam width. These coordinates are then used to calculate 
the cumulative fluence at the center and edges of the weld seam, enabling identification of a process window where stable, 
defect-free welding can be achieved. While mechanical strength is not assessed in this work, its significance is acknowledged 
and will be addressed in future studies. 

2. Materials and methodology 

2.1. Experimental setup and characterization  

The thermoplastic material used is 1.5 𝑚𝑚-thick polycarbonate (PC) plates (PyraSied). PC has high stiffness (Young's 
modulus: 2.35 𝐺𝑃𝑎), transparency, and low shrinkage, making it a well-suited option for point-of-care devices application, 
such as microneedle components and cancer-on-a-chip systems (Liu et al., 2025; Vanwersch et al., 2024). All samples are cut 
into plates with dimensions 75 𝑚𝑚 × 15 𝑚𝑚 × 1.5 𝑚𝑚. Although the polymer is supplied with a protective cover, it is cleaned 
with ethanol before processing. The spectral properties of polycarbonate (PC) are analyzed using a UV–VIS–NIR 
spectrometer (Agilent Cary 60 UV-VIS) to verify its transparency at the laser wavelength of 1030 𝑛𝑚.   

The optomechanical system consists of a 20 𝑊 femtosecond laser source (Carbide, Light Conversion), a beam delivery 
path, a 2-axis optical galvanometer scanner, and an associated electronic control unit. Experiments are conducted at 18°C. 
The laser has a wavelength of 1030 ± 10 𝑛𝑚, a Gaussian beam profile with linear polarization, and an 𝑀² factor of <1.2. The 
maximum repetition rate is 1 𝑀𝐻𝑧, with a pulse duration of 250 𝑓𝑠 and a beam waist of 15 𝜇𝑚 (radius at 1/𝑒²). 

The experimental setup for bonding transparent polymers using an ultrashort pulsed laser is illustrated in Figure 1a. The 
laser beam is directed through a galvo scanner and focused by an F-theta lens with a focal length of 125 𝑚𝑚 into the 
interface between two transparent polymer plates mounted on an XY-stage. As shown in Figure 1b, the plates are pressed 
together using a pneumatic clamping system (Festo EV-20/75), which applies a maximum force of 600 𝑁 under 0.6 𝑀𝑃𝑎 air 
pressure to ensure intimate contact during laser processing. Although the laser light is focused at the interface, nonlinear 
absorption can occur earlier within the top plate if the incoming laser pulses have sufficient intensity to exceed the threshold 
for multiphoton absorption. This results in a vertical offset between the focal point and the actual weld seam. This absorption 
behavior is shown schematically in Figure 2a, where the absorbed area shifts upward due to the Gaussian intensity profile 
of the focused beam. A camera aligned along the laser axis is used to measure this offset and monitor the location of the 
processed area relative to the initial focus. After each experiment and before disassembling the setup, weld lines are 
inspected using an in-system camera positioned along the beam axis. A telecentric lens (Edmund Optics, #21823; 8× 
magnification, 65 mm working distance) is used to measure the position of the weld seam top relative to the interface, 
allowing identification of the vertical offset (𝑧). An adjustment of the focal plane position is demonstrated by Roth et al. to 
be necessary under varying welding speeds to achieve effective bonding—an observation that is further supported by the 
offset correction approach adopted in this work (Roth et al., 2016b). To evaluate the lateral weld quality, a digital microscope 
(Keyence VHX-6000) is employed to image the weld seam top view and measure the radial width (𝑟) across the bonded 
interface, as illustrated in Figure 2b.  
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2.2. Theoretical calculations 

Cumulative fluence (FCum) is crucial to understanding the bonding mechanism of transparent polymers, as it reflects the 
effects of multiple pulses instead of focusing solely on individual pulse fluence. The heat accumulation, structural changes, 

Figure 2. a) Schematic representation of light absorption by the polycarbonate (cross-section) and b) weld seam top view 

a) 
b) 

Figure 1. a) schematic overview of the laser setup, b) photo of the pneumatic clamping system and c) laser focus and weld seam 

offset in transparent polymer bonding 

a) 
b) 

c) 
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and chemical reactions in the material depend on the total energy delivered over time, not just the energy from a single 
pulse. Thus, the cumulative fluence of the weld seam is calculated at both the center and the edges as they reflect the 
processed area with maximum and minimum delivered energy areas, respectively (considering the Gaussian profile). Figure 
2 shows the schematic of light absorption in polycarbonate and the top view of the weld seam. The offset (𝑧) is measured 
using the telecentric camera, and the weld width is obtained from top-view microscopy. For a Gaussian beam, the 
cumulative fluence can be calculated using the fluence 𝐹(𝑟, 𝑧) at a radial distance 𝑟 from the beam axis and at position 𝑧 and 
the effective number of pulses per unit area as follows (Fox & Mücklich, 2023): 
𝐹𝐶𝑢𝑚(𝑟, 𝑧) = 𝐹(𝑟, 𝑧) ×  𝑛𝑒𝑓𝑓         (1) 

𝐹(𝑟, 𝑧) = 𝐹0 (
𝜔0

𝜔(𝑧)
)

2
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𝑟2

𝜔(𝑧)2)      (2) 
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2         (3) 
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2

        (4) 
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𝜋𝜔0

2

𝜆
         (5) 

where 𝐹0 is the peak fluence at the focus (𝑧 = 0), 𝜔0 is the beam waist, 𝜔(𝑧) is the beam radius at distance 𝑧, 𝐸 is the pulse 
energy, 𝑍𝑅 is Rayleigh's range and 𝜆 is the laser source wavelength. 
𝑛𝑒𝑓𝑓 is the effective number of pulses per unit area, defined as:   

𝑛𝑒𝑓𝑓 =  
1

1−𝑂𝐿
         (6) 

where 𝑂𝐿 is the pulse overlap, defined as:  

𝑂𝐿 =
2×𝑟2×𝑐𝑜𝑠−1(

𝛥𝑥

2𝑟
)−

𝛥𝑥

𝑟
×√4×𝑟2×𝛥𝑥2

𝜋 ×𝑟2        (7) 

where 𝛥𝑥 is the distance between consecutive pulses.  

3. Results and discussion  

Figure 3 shows the UV-Vis-near IR spectroscopy results, indicating that the polycarbonate used is nearly 90 percent 
transparent at the laser working wavelength of 1030 nm. The absorption spectrum reveals that the material begins to absorb 
light in the UV range around 390 nm, corresponding to a bandgap of 3.18 eV. Given the photon energy of the laser at 1.203 
eV, at least 3 photons are required to excite the electrons of polycarbonate from relaxed to excited states. The high 
transparency of polycarbonate allows for working within the volume of the material, enabling intricate micromachining 
processes. This characteristic implies that the underlying mechanism must be non-linear to effectively trigger the desired 
processes. 

To evaluate the energy distribution within the bonded region, the cumulative fluence is calculated at both the center and 
the edges of the weld seams. The total amount of energy per unit area can be calculated by applying 𝑧 (measured using the 

system’s internal camera) and 𝑟 (half of the width of the weld seam) into equation 1. The fluence at two key points—the 

Figure 3. Transmittance spectrum from UV-Vis-Near IR 
spectroscopy of polycarbonate. 
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edges and the center of the weld— is of particular interest. The center value represents the maximum fluence delivered to 
the area, as the radial distance (𝑟) is zero, whereas the minimum energy is delivered to the edges. Line-writing experiments, 
in which fluence per pulse and scanning speeds are varied, are conducted to identify the optimal parameters for producing 
uniform, defect-free weld seams. The fluence per pulse ranges from 0.08 to 1.78 𝐽/𝑐𝑚² and scanning speeds of 5, 10, 20 
and 30 𝑚𝑚/𝑠 are studied. Although wider ranges of fluence per pulse and scanning speeds are initially investigated,  values 
that caused noticeable optical damage or failed to result in bonding are excluded from further analysis. 

Figure 4 illustrates the cumulative fluence at the center and edge of the weld seam, corresponding to locations receiving 
maximum and minimum energy, respectively. The relationship between cumulative fluence 𝐹𝐶𝑢𝑚(0, 𝑧) (𝐽/𝑐𝑚²), and fluence 
per pulse (𝐽/𝑐𝑚²) at different scanning speeds are shown in Figure 4a.  

The cumulative fluence at the seam center increases steadily with the fluence per pulse for each scanning speed. Because 
scanning speed influences the effective pulse overlap, it directly affects the cumulative fluence; lower scanning speeds result 
in higher pulse overlap and thus higher cumulative fluence. Consequently, combinations of low scanning speeds and high 
fluence per pulse are omitted from this set of experiments due to the risk of material damage caused by excessive heat 
accumulation and an enlarged heat-affected zone. Under these conditions, extreme values of fluence per pulse should be 
adjusted to prevent damage to the material. 

As shown in Figure 4a, increasing the scanning speed reduces cumulative fluence. This is expected since fewer pulses 
overlap at higher speeds. As a result, the fluence per pulse must be increased at higher scanning speeds to maintain effective 
energy deposition for bonding. However, increasing the fluence per pulse beyond a certain threshold can lead to local 
damage or burning of the polycarbonate due to the excessive intensity of each pulse. For instance, based on experimental 

a) 

b) 

Figure 4. The cumulated fluence of the weld seam: a) at the center, 
b) at the edge 
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observations, at a scanning speed of 5 𝑚𝑚/𝑠, the maximum fluence per pulse that can be applied without burning is 
approximately 0.50 𝐽/𝑐𝑚² inducing the cumulative fluence of 531.3 𝐽/𝑐𝑚². For higher scanning speeds of 10 𝑚𝑚/𝑠 and 20 
𝑚𝑚/𝑠, the corresponding maximum cumulative fluences without visible damage are 374.2 𝐽/𝑐𝑚² and 496.2 𝐽/𝑐𝑚²,  
respectively. These are associated with fluence per pulse values of 0.78 𝐽/𝑐𝑚² and 1.78 𝐽/𝑐𝑚². At 30 𝑚𝑚/𝑠 bonding is still 
achievable at a fluence per pulse of 1.78 𝐽/𝑐𝑚² , resulting in a cumulative fluence of 296.1 𝐽/𝑐𝑚². These results suggest that 
cumulative fluence alone is not a sufficient parameter to predict bonding effectiveness, as it also depends on laser machining 
parameters. Instead, a balance must be found between fluence per pulse and scanning speed to ensure enough nonlinear 
absorption occurs for bonding without inducing thermal damage. 
Figure 4b illustrate the relationship between cumulative fluence, 𝐹 𝐶𝑢𝑚(𝑟, 𝑧) (𝐽/𝑐𝑚²), and fluence per pulse (𝐽/𝑐𝑚²) at 
various scanning speeds. As expected, the cumulative fluence generally decreases with increasing scanning speed. However, 
cumulative fluence and fluence per pulse are not directly correlated. At lower fluence per pulse, laser pulses pass through 
the polymer and concentrate at the focal point, resulting in a smaller beam diameter. This confines the energy distribution 
to a tighter region, leading to higher energy density at the weld seam, including the edges of the weld seam. In contrast, as 
the fluence per pulse increases, the incoming light possesses sufficient energy to trigger nonlinear absorption before 
reaching the nominal focus, depending on the energy level. This causes energy deposition to begin earlier along the beam 
path, as previously discussed. Considering the Gaussian beam profile, the beam diameter is smallest at the focus and 
increases with distance away from the focus. Therefore, this premature absorption of light causes the energy to spread over 
a larger volume, resulting in a broader weld seam. Thus, at lower fluence per pulse levels, the cumulative fluence tends to 
be higher and more concentrated, which is beneficial for achieving stronger and more predictable bonds. Moreover, while 
the cumulative fluence at the center of the beam may increase or stabilize with increasing fluence per pulse, the gap 
between the center and edge fluences also increases. This growing inhomogeneity in energy distribution makes the welding 
process less uniform and can negatively impact weld quality.  

Figure 5 shows the microscopic images of weld seams at various cumulative fluences and speed levels.  
As seen in the images in the 5 𝑚𝑚/𝑠 column, the weld seams contain black spots, indicating localized burning of the 

polycarbonate caused by higher cumulative fluence values—an undesirable outcome. In contrast, the weld seams at 
scanning speeds of 10 𝑚𝑚/𝑠 and 20 𝑚𝑚/𝑠 show greater homogeneity and fewer black spots. This observation suggests 
that lower accumulated fluence at higher scanning speeds leads to reduced thermal damage. To ensure effective bonding 
despite the reduced pulse overlap at high scanning speeds, higher fluence per pulse values are necessary. More specifically, 
at a scanning speed of 30 𝑚𝑚/𝑠, the fluence per pulse levels are generally high, increasing the risk of burning the 
polycarbonate, while at lower energy levels, effective bonding does not occur (Nguyen et al., 2018). Therefore, 
polycarbonate can be damaged either by excessive cumulative fluence at low scanning speeds or by high fluence per pulse 
at high scanning speeds. Overall, the optimal range for achieving uniform weld seams with minimal thermal damage lies 
between 10 and 20 𝑚𝑚/𝑠, with corresponding fluence per pulse values of 0.38 – 0.78 𝐽/𝑐𝑚2 and 0.65 - 1.14 𝐽/𝑐𝑚², 
respectively. 
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4. Conclusion 

This study explores the influence of scanning speed and fluence per pulse on the weld seam quality of transparent 
polycarbonate using femtosecond laser pulses. Four scanning speeds—5, 10, 20, and 30 𝑚𝑚/𝑠—are evaluated across a 
fluence range of 0.06 to 1.78 𝐽/𝑐𝑚². The results reveal that excessive energy input can degrade weld quality, either due to 
high cumulative fluence at lower speeds (e.g., 5 𝑚𝑚/𝑠) or excessive fluence per pulse at higher speeds (e.g., 30 𝑚𝑚/𝑠), 
both lead to material damage such as burning. Optimal weld seams are achieved at intermediate scanning speeds of 10 and 
20 𝑚𝑚/𝑠, indicating that these parameters are critical for achieving high-quality weld seams in polycarbonate. These 
findings underscore the importance of balancing cumulative fluence and fluence per pulse to optimize the laser 
micromachining process. Future work should investigate the roles of repetition rate and overscan strategies in enhancing 
bond strength and weld integrity. 
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Figure 5. 3D digital images of weld seams at different scanning speeds and pulse energies at 500 kHz. The white font indicates the cumulative 

fluence, while the black font represents the fluence per pulse. 
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