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Abstract: Laser cutting processes entail the cutting of metal sheets by the emission of a laser
source that melts the material along defined paths, potentially generating incidental metal
nanoparticles (IMNPs). These particles have been associated with genotoxicity, oxidative
stress, and pro-inflammatory responses. However, quantitative data on IMNP emissions
remain limited. This study assessed IMNP emissions from CO2 and fiber laser cutting
through two monitoring days at a high-precision metalworking facility in Italy. The first
day dealt with environmental monitoring, while the second included both personal and
environmental monitoring. Personal sampling consistently indicated elevated particle
number concentrations and lung-deposited surface area, with average values reaching up
to five times the background level (161,960 n/cm3) and peak concentrations as high as
2,781,962 particles/cm3. Environmental concentrations increased significantly only during
CO2 stainless steel cutting (95,670 n/cm3). Depending on the process, 73–89% of the emitted
particles were <300 nm, with substantial enrichment in the nanoparticle fraction. Emission
profiles varied by laser source, metal, and sheet thickness, with the highest concentrations
recorded during CO2-laser cutting of stainless steel. These findings provide preliminary
evidence of occupational exposure to IMNPs during laser cutting and highlight the need
for systematic exposure assessments to quantify the potential occupational health risk.

Keywords: laser cutting; incidental metal nanoparticles; exposure assessment; occupational
health

1. Introduction
Laser cutting is extensively utilized in the industrial sector due to its ability to produce

precise and cost-effective cuts in metal materials [1]. The process operates by focusing a
high-power, coherent, monochromatic laser beam onto the surface of a workpiece, where
the absorbed energy induces localized melting and vaporization, thereby enabling the cut
formation [2]. Compared to conventional cutting methods, laser cutting offers significant
advantages, including faster processing speeds, micrometer-level precision, and high
repeatability [3].

Currently, the most commonly used laser sources are CO2, fiber, and yttrium alu-
minum garnet [4].

Fiber lasers offer several advantages, including high-precision cutting, elevated out-
put power, a waveguide structure with high power conversion efficiency, low operating
threshold, excellent output beam quality, high reliability, long-term stability, and reduced
operating costs. As a result, fiber lasers have increasingly replaced CO2 lasers as the
predominant technology in many applications [4].

Processes 2025, 13, 1942 https://doi.org/10.3390/pr13061942

https://doi.org/10.3390/pr13061942
https://doi.org/10.3390/pr13061942
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0009-0001-0424-0867
https://orcid.org/0000-0002-5925-1352
https://orcid.org/0000-0001-8503-6560
https://doi.org/10.3390/pr13061942
https://www.mdpi.com/article/10.3390/pr13061942?type=check_update&version=2


Processes 2025, 13, 1942 2 of 15

Laser cutting is widely employed across various industrial sectors (such as automotive,
aerospace, electronics, and construction), for the production of components at multiple
scales [5]. These applications require the capability to cut metals of different thicknesses
and types, including stainless steels, low carbon steels, aluminum, low alloy steels, copper
alloys. Each of these materials necessitates specific ranges of laser power and energy
density for effective processing.

The interaction between high thermal energy and metals has been extensively doc-
umented to generate incidental metal nanoparticles (IMNPs) in several metalworking
processes including additive manufacturing and welding [6–11]. Concerning cutting pro-
cesses, studies demonstrated and characterized IMNP emissions from plasma cutting
systems [12,13]. However, despite the widespread adoption of laser cutting, only one study
to date has provided qualitative and quantitative assessment of IMNP emissions associated
to this technique [14].

According to the standard ISO/TR 18401:2017, nanoparticles (NPs), are defined as
particles with all external dimensions smaller than 100 nm [15]. Due to their nanoscale size,
NPs can reach the lower airways, including the gas exchange region, and demonstrate a
high penetration potential into the systemic circulation, an effect that is inversely correlated
with their dimensions [16–18].

Metal-based NPs exhibit toxicity through a dual mechanism: one resulting from the
intrinsic toxicity of their constituent metal elements, and the other related to their physical
properties, such as size, shape, and surface area [19]. Their primary mechanisms of action
include genotoxicity, oxidative stress, and inflammation [20,21].

Notably, metal NPs have been demonstrated to induce oxidative stress either directly,
through reactive oxygen species (ROS) generation via a Fenton-like reaction, or indirectly,
by activating the cell’s redox mechanism [22,23]. Additionally, metal NPs showed the
capability to disrupt the body’s metal homeostasis [24].

Metals are generally classified into two main categories: ferrous and non-ferrous.
Ferrous metals include iron, manganese, chromium, and their respective alloys, whereas
non-ferrous metals are further categorized into heavy, light, noble, and rare metals [25].
IMNPs generated during high-energy density processes are predominantly composed of
ferrous and/or heavy metals [26].

Heavy metals are known for their ability to interact with and inhibit human proteins
and enzymes. They tend to bioaccumulate in the human body, potentially leading to
chronic toxicity as well as damage to tissues and vital organs [27]. A growing body of
research has identified IMNPs as a potential health risk factor for the exposed subjects [28].
Studies applying in silico models demonstrated macrophage toxicity [29], while in vitro
experiments using lung cell models highlighted potential cytotoxicity and inflammatory
responses [30].

Due to the NPs physicochemical characteristics, traditional mass-based environmental
hygiene approaches are inadequate for a reliable risk assessment. Indeed, compliance with
the available standard occupational limit values based on gravimetric analysis does not pro-
vide a reliable evaluation of workplace safety in the context of nanoparticle exposure [31].

Nowadays, no specific international regulations nor occupational exposure limits
for nanoparticles are available at a European level, and only provisional reference values
based on material density are available. The Nanosafety Research Centre of the Finnish
Institute of Occupational Health (FIOH) proposed benchmark target concentrations of
20,000 particles/cm3 for metals with a density greater than 6 g/cm3 and 40,000 n/cm3 for
those with lower density, calculated as 8-h time weighted average concentration. These
values have subsequently been adopted by both Germany and the Netherlands [31–33]. In
this context, presenting results from field monitoring campaigns dealing with processes
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releasing IMNPs is strategic for building a foundational knowledge base to support the
definition of benchmarks and reference exposure values. Furthermore, the potential health
impact associated with metal NPs underscores the importance of characterizing operator
exposure during industrial processes that may release IMNPs. In the absence of established
standards, identifying potential risks requires the definition of exposure benchmarks
tailored to specific metal manufacturing industries.

Despite its widespread use and reliance on high-energy input, laser cutting remains
underexplored in terms of nanoparticle emission monitoring. While the process likely
results in the release of nanoparticles, the current literature lacks sufficient quantitative
data to inform reliable risk assessments.

Therefore, the objective of this study is to conduct a quantitative evaluation of particles
and NP release from laser cutting processes, under real conditions in an industrial setting.
This study deals with both environmental and personal monitoring conducted on two
types of laser cutting systems, namely CO2 and fiber lasers. The monitored processes,
representative of the usual company routine, focused on cutting metal sheets of different
materials (iron-based and aluminum alloys) and thicknesses. The monitoring results
provide an initial understanding of potential exposure to metal and metal oxide NPs of
laser cutting operators and serve as a preliminary benchmark for risk assessment.

2. Materials and Methods
To assess and characterize the IMNP emissions resulting from CO2 and fiber laser

cutting processes, a two-day monitoring campaign was conducted in a manufacturing
facility in Northern Italy, which is specialized in high-precision sheet metal processing for
a variety of applications. On the first day (September 2024), environmental monitoring was
carried out to evaluate emissions during normal operations. On the second day, (November
2024), both environmental and personal exposure monitoring were conducted.

2.1. Workspace and Features of Laser Cutting Devices

The monitored workspace is open-plan, divided according to the manufacturing
activities performed, including laser cutting, welding, folding, and turning. The area
is equipped with a general ventilation system providing an airflow of 3000 m3/h and
is connected with the external environment with two forklift-access hatches and two
emergency exits (Figure 1).

 

Figure 1. Characteristics of the work environment and position of the monitoring devices.
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The campaign focused on two laser cutting machines, both produced by the same
manufacturer. The first is a CO2 laser cutting machine equipped with a local exhaust
ventilation (LEV) system set to an air change rate of 3000 m3/h. This machine presents an
open-roof design, a large side-access door, and a smaller adjacent door near the control
panel (Figure 2a). The second is a fiber laser cutting machine, which operates within a
fully enclosed chamber with a local exhaust aspiration delivering a constant airflow of
5000 m3/h.

  
(a) (b) 

Figure 2. Monitored laser cutting devices: (a) CO2 laser device; (b) Fiber laser device.

However, when the laser is turned off, the machine can be opened from both the front
and lateral sides. Its control panel is mounted externally and can be rotated to face either
the front or the side of the machine (Figure 2b). Both laser cutting systems are capable of
processing metal sheets of various types and thicknesses, and adjust their parameters (such
as laser power, frequency, process gas pressure, cutting speed, etc.) according to specific
cutting requirements.

2.2. IMNP Measurement

During both monitoring campaigns two direct-reading devices were employed: an
electrical nanoparticle counter (DiSCMini) and an optical particle counter (Lighthouse).
The Miniature Diffusion Size Classifier (DiSCMini—TESTO) measures NP concentration
(up to 106 particles/cm3), average particle size (in the range 10–300 nm), and estimate
LDSA with a time resolution of one air sample per second.

The Lighthouse 3016-IAQ (Lighthouse Worldwide Solutions) measures particle con-
centration in the 0.3 to 10 µm range across 6 different size channels (0.3, 0.5, 1.0, 2.5, 5.0,
and 10.0 µm). It also records relative humidity and temperature, and the measurement
time resolution accounts for 10 s per sample.

2.3. Measurements Implementation

On the first monitoring day (Day 1), all instruments were positioned 1.5 m from
the laser cutting machines, near the access door of the cutting chambers. Four processes
were monitored, two for each device. For the fiber laser system, the monitored processes
included the following: galvanized steel 2 mm thickness (13 min), carbon steel 5 mm
thickness. For the CO2 laser system: C70 steel 0.3 mm thickness (19 min) and stainless steel
0.8 mm thickness (23 min).

During the second monitoring campaign (Day 2), the Lighthouse device was again
used for environmental monitoring and was positioned identically to Day 1, while the
DiSCMini was employed for personal exposure monitoring and worn by the laser machine
operators. On Day 2, the monitored processes included the followings:
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Fiber laser cutting system:

- Aluminum 1.5 mm; laser power 7000–9000 Watt; speed: 50,000–60,000 mm/min;
frequency 1000 Hz; nitrogen pressure 10–12 bar; 43 min.

- Satin-finished stainless steel with a plastic polymer film; 1 mm for the steel cut; power
6500–9000 Watt; speed: 60,000–68,000 mm/min; frequency 5000 Hz; nitrogen pressure
10 bar; 24 min.

CO2 laser device:

- SAF (austenitic-ferritic) stainless steel 0.9 mm; laser power 500 Watt; frequency 250 Hz;
speed 1000 mm/min; nitrogen pressure 1 bar; 30 min.

- Stainless steel 2 mm; power 2500 Watt; frequency 500 Hz; speed 5000 mm/min;
nitrogen pressure 8 bar; 20 min.

Indoor stationary background particle levels were measured for approximately 20 min
prior to the start of each operational session during both campaigns. Outdoor background
concentrations were assessed for the same time intervals. The nominal composition of the
metal sheets used during the monitored processes are detailed in Supplementary Materials
(Table S1). During all the monitored activities, the operators wore safety shoes, a work suit,
and cut-resistant gloves while unloading processed materials.

3. Results
Data was collected during two monitoring campaigns conducted in September and

December 2024, under representative conditions of routine company operations. Table 1
summarizes the monitoring characteristics for each of the analyzed processes.

Table 1. Monitored processes and relative characteristics.

Process Laser Cut Device Feedstock Thickness Date Duration Type of
Measurement

FI_1_ENV_CS Fiber (FI) Carbon steel (C70) 5 mm 19/9 37′ 46′′ Environmental

FI_2_ENV_GS Fiber (FI) Galvanized steel (GS) 2 mm 19/9 12′ 45′′ Environmental

CO2_1_ENV_C70 CO2 Carbon Steel (C70) 0.3 mm 19/9 18′ 31′′ Environmental

CO2_2_ENV_SS CO2 Stainless Steel (SS) 0.8 mm 19/9 23′ 8′′ Environmental

FI_3_PER_Al Fiber (FI) Aluminium 1.5 mm 5/12 42′ 40′′ Personal

FI_4_PER_SS Fiber (FI) Stainless Steel (SS) 1 mm 5/12 24′ 1′′ Personal

CO2_3_PER_SAF CO2 SAF Steel 0.9 mm 5/12 28′ 50′′ Personal

CO2_4_PER_SS CO2 Stainless Steel (SS) 2 mm 5/12 18′ 36′′ Personal

3.1. Environmental Monitoring

Analysis of the Lighthouse data indicated that the majority of the measured particles
(ranging from 78% to 93% depending on the specific process), fell within the particle range
<300 nm. Figure 3 illustrates the distribution of the particles emitted during the monitored
processes in size classes in the range of 0.3–10 µm.
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Figure 3. Day 1—environmental monitoring, size distribution of particles 0.3–10 µm.

The average background concentration of particles < 300 nm, as detected by the
Lighthouse, was 36 n/cm3. Among the monitored processes, the only one showing a
clear increase with respect to the background in UPF concentration was CO2_2_ENV_SS,
with an average of 82 n/cm3. In contrast, the lowest absolute UPF concentration was
observed during the FI_2_ENV_GS process, with an average of 28 n/cm3. Detailed results
are available in Supplementary Materials, Tables S2 and S3.

Table 2 summarizes the monitoring results from the first campaign using DiscMini
device, while Figure 4 depicts the emission profiles for each process, comparing particle
concentration during operations with internal and external average background levels.

Table 2. Day 1: DiscMini monitoring results (NP 10–300 nm).

Environmental Monitoring
FI_1_ENV_CS FI_2_ENV_GS

Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Mean 32,204 56 104 Mean 20,774 54 64
Median 31,944 55 102 Median 20,562 54 64
75 percent 35,157 58 112 75 percent 21,668 56 69
25 percent 28,815 53 88 25 percent 19,769 53 60
SD 5948 4.6 25 SD 1550 2.6 6
min 17,364 42 47 Min 14,202 42 42
max 85,873 78 266 Max 26,861 64 84

CO2_1_ENV_CS CO2_2_ENV_SS

Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Mean 21,242 52 63 Mean 95,670 58 316
Median 20,606 51 60 Median 51,195 57 183
75 percent 23,329 54 70 75 percent 132,841 62 402
25 percent 18,412 48 53 25 percent 30,657 51 101
SD 3525 6.5 13 SD 96,944 13 315
min 13,605 41 44 Min 11,955 36 36
max 44,451 10 133 Max 592,018 300 1907
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Figure 4. Environmental monitoring pattern of UFP release for laser fiber and CO2 lasers.

The processes CO2_1_ENV_CS and FI_2_ENV_GS did not show an increase in average
NP concentrations compared to indoor background levels (namely: 32,569 n/cm3). In con-
trast, the FI_ENV_1_CS process exhibited average NP levels comparable to the background
concentration but showed significant and frequent peaks (85,873 n/cm3), particularly
during the initial phase of the cutting operations. Notably, the CO2_2_ENV_SS process
demonstrated persistently elevated NP levels, recording the highest average particle num-
ber (95,670 n/cm3 as measured by the DiscMini), maximal emissions peak (592,018 n/cm3),
and the highest LDSA values (315.6 µm2/cm3). The smallest particle diameter was ob-
served during the CO2_1_ENV_CS process, with an average of 52 nm and a minimum of
36 nm. During Day 1, indoor temperature ranged between 22.6 ◦C and 24.3 ◦C with an
average of 23.6 ◦C. Relative humidity ranged from 45.6% to 49.8%, averaging at 47.5%.

Figure 5 compares LDSA values from environmental monitoring. In line with NP
number concentration, only CO2_2_ENV_SS exhibited LDSA levels persistently higher
than background levels. In contrast, FI_1_ENV_CS showed notables LDSA spikes, al-
though LDSA average levels remains comparable to the background (BKG). Neither
CO2_1_ENV_CS nor FI_2_ENV_GS resulted in elevated average LDSA values compared
to the background; in fact, they show lower levels, suggesting limited NP release during
these processes.

 

Figure 5. Day 1—NP environmental monitoring. Comparison of LDSA index for the monitored processes.
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3.2. Personal Monitoring

During the second monitoring campaign the DiscMINI was employed as a personal
monitoring device. Considering the background concentration level (30,439 n/cm3), all pro-
cesses exhibited elevated average particle number concentrations (Table 3). FI_3_PER_Al
displayed the smallest relative increase (+8%) and was associated with the lowest, though
still notable, peak values, reaching a maximal concentration of 385,269 n/cm3. In con-
trast, the highest particle concentration was observed during CO2_4_PER_SS, which ex-
hibited an average level of 161,960 n/cm3—corresponding to a 5-fold increase relative
to the background—and a maximal value of 2,781,962 n/cm3. Both FI_4_PER_SS and
CO2_3_PER_SAF showed around a three-fold increase in average particle concentration
compared to the background. However, FI_4_PER_SS was characterized by lower av-
erage values with respect to CO2_3_PER_SAF but recorded significantly higher peaks
(2,661,747 n/cm3 vs. 1,096,557 n/cm3). Figure 6 illustrates the specific pattern of UFP
release during the personal monitoring campaign.

Table 3. Day 2: DiscMini monitoring results.

Personal Monitoring

FI_3_PER_Al FI_4_PER_SS
Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Mean 32,971 62 117 Mean 84,300 86 415
Median 31,798 61 112 Median 75,387 87 391
75 percent 33,659 64 117 75 percent 83,801 92 444
25 percent 30,143 58 109 25 percent 70,534 82 346
SD 9854 8.9 26 SD 99,148 8.3 142
min 8768 40 94 min 54,106 23 290
max 385,269 300 972 max 2,661,747 110 3148

CO2_3_PER_SAF CO2_4_PER_SS
Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Number
[n/cm3]

Size
[nm]

LDSA
[µm2/cm3]

Mean 103,111 48 257 Mean 161,960 65 530
Median 69,846 49 196 Median 72,407 58 241
75 percent 97,002 5 248 75 percent 117,054 61 412
25 percent 57,985 46 171 25 percent 67,963 55 224
SD 102,496 5.9 186 SD 351,864 36.8 795
min 42,274 26 139 min 14,493 33 167
max 1,096,557 63 1640 max 2,781,962 300 4924

In terms of particle size, regardless of the process, the majority of the detected particles
fell within the ultrafine range (<300 nm), comprising 88.5% to 89.65% of the total particle
count. Additionally, nearly all particles (98–99%) exhibited diameters below 500 nm.
Nevertheless, all operations resulted in an increase in average particle diameter with respect
to the background, with the exception of CO2_3_PER_SAF which recorded the lowest mean
particle size during the second monitoring campaign (48 nm). Indoor temperature varied
from 16.4 ◦C to 19.9 ◦C with an average of 18.9 ◦C, while relative humidity ranged from
33.4% to 41.6% with an average value of 38%.
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Figure 6. Personal monitoring pattern of UFP release for laser fiber and CO2 lasers.

LDSA values were generally consistent with the average particle number concentra-
tions. Compared to the background levels, only FI_3_PER_Al showed a modest increase
of 16%, whereas the other processes exhibited more substantial increases: 2.5-fold for
CO2_3_PER_SAF, 4-fold for FI_4_PER_SS, and 5-fold for CO2_PER_4_SS. Figure 7 shows a
comparative overview of LDSA temporal trends observed during the personal monitor-
ing campaign.

 

Figure 7. Day 2—NP personal monitoring. Comparison of LDSA index for monitored processes.

Regardless of the specific laser processing parameters, stainless steel consistently
exhibits the highest LDSA values when compared to other feedstocks. This indicates that
among all the raw materials analyzed, stainless steel produces the greatest amount of
surface area available for deposition within the lungs. Similarly, when comparing different
technologies, CO2-based processes result in higher LDSA values than fiber laser (Figure 7).

4. Discussion
The indoor average NP background demonstrated consistent concentrations in both

the measurement days (32,569 vs. 30,439 n/cm3). Personal monitoring indicated increased
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average particle levels and LDSA during all processes and feedstock employed, whereas
environmental monitoring showed a notable increase in levels only during CO2_2_ENV_SS.
Overall, the findings indicated greater average particle emissions from CO2 laser systems
with respect to fiber lasers despite the use of lower laser powers. This discrepancy may
be attributed to several factors, namely the nature of the process, the machine design, or
the age of construction. Specifically, the monitored CO2 machine was predominantly open
and older with respect to the fiber one. These observations are in line with the results
of Eriksen et al. [14], which also reported higher particle emissions from CO2 lasers with
respect to fiber ones.

Nevertheless, given that the fiber laser operations in the environmental monitoring
campaign did not result in an increase in average NP concentration values and that CO2

only exhibited such an increase under specific conditions, the machine itself cannot be
the sole determinant factor influencing NP emissions. Indeed, Eriksen Hammer et al. [14]
showed that the quantity of particles generated during laser cutting depends not only on
the technical specifications of the laser cutter, but also on feedstock nature and the thickness
of metal sheet. They highlighted an inverse correlation between plate thickness and particle
emissions. This observation is incongruent with the results of our measurements, wherein
thinner stainless steel plates (0.8 mm) processed by the CO2 laser system produced higher
average particle concentrations compared to thicker plates (2 mm) cut with the fiber laser
device. Conversely, personal monitoring conducted as part of this study revealed greater
particle emissions for 2 mm stainless steel than for 0.9 mm SAF steel when processed by the
same laser device. These discrepancies may be attributed to variations in machine settings,
particularly the laser power (respectively, 2500 W vs. 500 W), or to the distinct physical and
chemical properties of SAF compared to stainless steel. As noted by Pena et al., excessive
thermal energy can lead to metal vaporization rather than fusion, thereby leading to higher
particle release [34].

In this study, DiscMINI data collected across all process types and feedstock materials
revealed that stainless steel consistently exhibited a significant increase in average nanopar-
ticle number compared to the background, whereas aluminum and C70 were characterized
by isolated but notable peaks. These results are in agreement with the findings by Eriksen
Hammer et al. [14] and Pena et al. [34], who proposed that feedstocks with lower thermal
conductivity tend to produce higher particle emissions, as higher thermal conductivity
enables greater energy concentration within a smaller material volume.

Furthermore, when comparing aluminum and stainless steel processed by fiber lasers
under comparable conditions—such as laser power (7000–9000 W vs. 6500–9000 W) and
speed (50,000/60,000 vs. 60,000 mm/min)—aluminum consistently exhibited lower particle
emissions and peaks. This may be attributed to the greater thickness of the aluminum plate
and the higher intrinsic thermal conductivity of the material.

All investigated processes exhibited distinct temporal emission patterns characterized
by recurrent peaks, likely resulting from the intermittent activation of the laser beam
during cutting operations. For CO2 laser processes, and particularly during personal
exposure assessments, these peaks were frequently associated with the manual opening
of the lateral cutting chamber door by the operator. Comparable concentrations were
observed in both environmental and personal monitoring for the fiber laser system when
stainless steel was not employed as feedstock. Conversely, CO2 laser operations led to
markedly higher NP concentrations and more pronounced peaks in personal exposure
monitoring. These findings are consistent with the layout of the operator’s workstation
configuration, which, in this scenario, is positioned closer to the laser unit and requires
frequent manual intervention through the cutting camera door to oversee the process.
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All monitored processes exhibit significantly higher average values of NP number
concentration, particle size, and LDSA, compared to the corresponding indoor background
average values for the respective days, with the exception of CO2_1_ENV_CS (Supplemen-
tary Materials, Tables S4.1–S4.24). These results are largely influenced by the high number
of available measurements and the resulting strong statistical power of the study, yet they
support the relevance of the observed differences across the various processes.

As highlighted by Paulin et al. [8], no standardized or comprehensive data on average
nanoparticle emission from laser cutting processes is available in the literature, thereby
precluding any quantitative comparison. The existing literature reports are generally
segmented by particle size ranges and fail to offer a holistic characterization of emission
profiles. However, a sufficient amount of data is available for alternative high energy
processes, such as welding and additive manufacturing.

Although these technologies exploit different technical principles rather than the laser
cut, they similarly entail the use of a high-energy source to melt metallic feedstocks. This
commonality has been widely recognized as the primary contributor for NP production,
which has, in fact, been empirically validated across all three processes—laser cutting,
3D printing, and welding [8,35]. The present study demonstrates that variations in laser
cutting system configurations—including technology type, feedstock composition, and
sheet thickness—can lead to differences in both the magnitude and temporal patterns of
nanoparticle emissions. Comparable emission dynamics were documented in additive
manufacturing and welding processes [36].

When comparing the average particle emissions from the present studies with emission
benchmarks for welding and 3D printing identified within the literature review [8], the
results for stainless steel laser cutting are slightly lower than those documented for gas
metal arc welding [37], comparable for tungsten inert gas welding [38] and higher than
levels observed in manual metal arc welding [39]. With respect to 3D printing, stainless
steel average particle number concentration measured during laser cutting were higher
than those reported for laser powder bed fusion technology [40] but lower with respect to
direct energy deposition ones [9].

Despite the limited number of studies quantifying exposure in terms of LDSA in
the context of welding and 3D printing, the available data is relatively consistent. When
comparing LDSA values from stainless steel laser with those from the literature, this process
produces lower LDSA levels then gas metal arc welding [41], and comparable values for
laser powder bed fusion printing with stainless steel [42].

At present, there are no formally established occupational exposure limits for nanopar-
ticles. However, the Nanosafety Research Centre of the Finnish Institute of Occupational
Health (FIOH), has proposed a reference target value of 20,000 particles/cm3 for metals with
a density exceeding 6 g/cm3 and 40,000 for less dense materials, as 8-h weighted average
concentrations [31–33]. The monitoring results from the present study show that the indoor
background NP concentrations, measured prior to the initiation of the cutting of operations,
already exceeded these recommended reference thresholds. Furthermore, the increase in
average particle number concentration—with respect to background levels—was found to
exceed 20,000 n/cm3 in several cases, specifically during stainless steel cutting by either
fiber and CO2 laser technologies (under both personal and environmental monitoring) and
during personal monitoring of SAF processed by CO2 laser (personal monitoring).

Nevertheless, several processes exhibited pronounced peak concentrations, especially
during personal monitoring, with values reaching up to 2.7 × 106 particles/cm3. These
transient spikes may result in possible short-term exposure risks for the operators, even in
processes where no significant increase in average particle number has been detected.
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With regard to current safety protocols and the recommended personal protective
equipment (PPE) for laser cutting technology, both the European commission and the Italian
National Institute for Insurance against Accidents at Work (INAIL) primarily emphasize
hazards associated to optical radiation exposure. Accordingly, the prescribed PPE are
intended to protect eyes and skin from such radiations and include screens, lenses, and
specialized clothing; however, no respiratory PPE is currently mandated [43,44]. The
findings of this study contribute to enhance the awareness of the potential occupational risks
associated with laser cutting processes deriving from the release of metal and metal oxide
nanoparticles, to promote the implementation of more comprehensive safety measures.

Limitations of the Study and Further Developments

This study presents monitoring data from eight laser cutting operations—four using
fiber lasers and four using CO2 lasers—conducted over two working days. The selected
timeslots, identified in collaboration with the company, are deemed representative of stan-
dard industrial operations, which adds relevance to the findings. However, the limited
number of measurements introduces potential variability, potentially influenced by fac-
tors such as material heterogenicity, process boundary conditions, and operator-specific
practices. Consequently, the data may not fully capture the range of exposure scenarios.
Furthermore, due to variations in chemical composition, sheet thickness, cutting duration,
and machine parameters across the different laser cutting operations, direct comparisons
between them were not feasible. Nevertheless, the results represent a preliminary overview
of the potential release of NPs during laser cutting processes, serving as a basis for sub-
sequent, more detailed monitoring campaigns aimed at establishing emission reference
values and ensuring consistent risk assessment.

To strengthen the findings and support the development of exposure benchmarks,
further monitoring is planned under varied conditions, including different materials, laser
types, thicknesses, equipment settings, and power levels. This expanded approach will
facilitate a more comprehensive understanding of nanoparticle emission characteristics
and support the implementation of effective protective strategies for exposed personnel.

5. Conclusions
This study investigated the potential release of particles and NPs during metal sheet

laser cutting operations, as well as the potential exposure risk for operators. The results
indicate an increased concentration of particles and nanoparticles during laser cutting activ-
ities, as evidenced by both environmental and personal monitoring, for the analyzed laser
technologies, namely fiber laser and CO2 laser. The majority of the emitted particles were
smaller than 300 nm, with the most significant increases detected in the nanoparticle range.

The extent of NP release was found to vary considerably depending on laser technol-
ogy, type of material and thickness of the metal sheet being processed. Notably, higher
concentrations were detected during operations involving CO2 laser systems, which repre-
sents a more mature technology.

The results of this study offer a preliminary understanding of the potential exposure to
metal and metal oxide NPs among laser cutting operators. Their relevance is underscored
by the general lack of monitored data on NPs released from such industrial operations.
Considering the widespread adoption of laser cutting technology, the absence of a compre-
hensive exposure assessment framework may result in a potential underestimation of the
risk associated with NP exposure in this occupational setting. Further research is necessary
to develop a robust and systematic framework for laser cutting operations, enabling the
design of effective safety protocols that should include appropriate respiratory PPE tailored
to the assessed level of particle-related risk.
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Abbreviations
The following abbreviations are used in this manuscript:

NP Nanoparticles
UFP Ultrafine particles
IMNP Incidental metal nanoparticles
LDSA Lung deposited surface area
ROS Reactive oxygen species
CO2 Carbon dioxide
FI Fiber
C70—CS Carbon steel
Al Aluminum
SS Stainless Steel
SAF Sandvik Austenite Ferrite
SD Standard deviation
Min Minimum
Max Maximum
BKG Background
PPE Personal protective equipment
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