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ABSTRACT

The growing use of handheld Class 4 laser welding systems raises concerns about operator exposure to reflected
and scattered radiation. The purpose of this study is to provide an assessment of the angular distribution and inten-
sity of reflected laser radiation generated during manual welding of structural steel and aluminum alloy in butt and
fillet joint configurations. It provides the first angle-resolved and height-resolved experimental characterization of
reflected radiation in handheld welding, integrating material reflectivity, joint geometry, and observer position —
parameters rarely examined together. Radiation intensity was measured at multiple angles, distances, and heights
— including helmet-visor level — under controlled laboratory conditions, using identical welding parameters for
both materials. Aluminum, with near-infrared reflectance of ~75-78% compared with =~14% for steel, produced
broader and more persistent reflection fields. For butt joints, mean maximum intensities were comparable (<1912
ru for steel and ~2049 ru for aluminum), but probe orientation and joint type strongly modulated exposure: lateral
probe positions yielded ~2.2-fold higher peak intensities than the forward direction for aluminum and more than
fourfold higher for steel, while fillet joints increased the mean maximum intensity for steel by =109% relative to
butt joints (3997 vs 1912 ru). The most hazardous conditions occurred within 10—-15 cm of the weld and at probe
angles between 30° and 70°, where both materials generated peak intensities above 1.5 x 10* ru, including at eye
level (156 cm), highlighting a substantial risk of ocular overexposure during handheld laser welding. Helmet-level
measurements confirmed attenuation of direct radiation. These findings show that effective protection requires PPE
with high-optical-density filters, lateral shielding, and an optimized workstation layout, especially when welding
reflective materials or working with fillet geometries. Material reflectivity and joint type strongly influence hazard-
zone formation, with aluminum and fillet joints presenting the highest risks. Task-specific protective strategies are
therefore essential to ensure compliance with exposure limits and maintain operator safety.

Keywords: laser safety, manual laser welding, radiation intensity.

INTRODUCTION

Laser welding systems are gaining increasing
importance across diverse industrial sectors ow-
ing to their high precision, mobility (in the case
of handheld devices), and capability to operate
under complex geometric conditions. This tech-
nology is widely applied in the automotive and

aerospace industries, medical device manufactur-
ing, electronics, and jewelry, enabling the joining
of lightweight and difficult-to-weld materials with
minimal heat input and high weld quality (1-3).
Particularly in sectors requiring flexibility and
short production cycles, handheld laser welding
allows for efficient fabrication of welds with ex-
cellent mechanical properties and a reduced risk
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of material distortion (4). Classified as Class 4 la-
sers according to EN 60825-1 (5), these systems
emit high-power radiation that poses a severe
hazard to both the eyes and skin. In the context
of EN 60825-1, Class 4 designates laser products
capable of producing hazardous diffuse and spec-
ular reflections, creating potential for immediate
injury even at short exposure times. The standard
emphasizes the need to implement engineering
and administrative controls — including protec-
tive housings, beam enclosures, warning systems,
controlled access, and mandatory use of appro-
priate personal protective equipment — whenever
operators or bystanders may be exposed to direct
or reflected radiation. In manual welding applica-
tions, where the beam is used in an open environ-
ment and the operator works in close proximity
to the interaction zone, these requirements are
particularly critical and difficult to fulfil through
engineering controls alone. Their operation in
open work environments, near the operator, sub-
stantially increases the risk of harmful exposure.
Handheld laser welding devices typically
employ fiber or Nd:YAG laser sources operating
at wavelengths around 1064 nm (near-infrared).
These high-power beams emit invisible radiation
capable of inducing acute thermal injuries. The
eyes are particularly vulnerable, as near-infrared
radiation penetrates the cornea and lens, reach-
ing the retina and potentially causing irreversible
damage, including retinal burns, cataracts, or pho-
tochemical lesions (6-9). In addition to the direct
laser beam, welding processes emit broadband
optical radiation across ultraviolet (UV), visible,
and infrared (IR) ranges, all of which may pose
additional risks to operators and nearby workers.
A significant hazard also arises from scattered and
reflected radiation: during welding, laser beams
may reflect unpredictably from workpiece surfac-
es, generating stray beams that propagate beyond
the intended working area (6). Numerous docu-
mented incidents show that workers were exposed
to hazardous scattered radiation without realizing
it. This highlights the need for systematic expo-
sure assessments and well-designed protective
measures, particularly in dynamic environments
involving mobile, high-power laser systems.
According to European regulations, worker
exposure to artificial optical radiation must com-
ply with Directive 2006/25/EC of the European
Parliament and of the Council of 5 April 2006,
which defines minimum health and safety require-
ments for exposure to physical agents (artificial
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optical radiation) (10). This directive obliges em-
ployers to assess exposure levels, compare them
with exposure limit values, and implement protec-
tive measures if limits are exceeded. In the con-
text of laser applications, a key safety parameter
is the maximum permissible exposure (MPE), de-
fined as the highest level of irradiance or radiant
exposure that can be tolerated by the eyes or skin
without causing biological damage. For Class 4
lasers, reliable assessment requires not only the
evaluation of direct beam hazards but also the
characterization of reflected and scattered radia-
tion levels present in the working environment.

The hazard distance for laser reflections is
defined as the distance from the target at which
the irradiance of the reflected beam equals the
MPE; this distance is termed the reflected nomi-
nal ocular hazard distance (R-NOHD) (11). Un-
like the standard NOHD, which applies only to
the direct laser beam, the R-NOHD accounts for
surface reflectivity, the angle and geometry of in-
cidence, and the divergence of the resulting re-
flected beam. In the case of scattered radiation,
exposure assessment is even more challenging, as
scattered beams exhibit strong angular dispersion
and highly variable intensities that are difficult to
measure reliably under real welding conditions.

Given these complexities, research on mea-
suring reflected and scattered laser radiation has
intensified in recent years, driven by increasing
safety concerns associated with the growing use
of high-power lasers in industry. Traditional ap-
proaches often relied on laboratory simulations
or simplified models, but more advanced meth-
odologies are emerging. For instance, Peckhaus
et al. developed a mobile detection system for
measuring scattered near-infrared radiation from
metallic surfaces, capturing both specular and
diffuse components (12). The system, calibrated
according to German laser safety standards, was
validated under field conditions, demonstrating
its effectiveness in identifying hazardous expo-
sure zones (13).

Despite these advances, standardized method-
ologies for characterizing scattered and reflected
radiation in complex and dynamic environments
—such as those involving handheld laser welding
— remain limited. Current models rarely capture
the variability of beam incidence angles, surface
conditions, and operator movements inherent in
manual welding processes. Furthermore, there is
no consensus on sensor placement strategies or on
data interpretation protocols that would translate
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measurement results into practical exposure as-
sessments for operators and bystanders.

Recent studies in advanced joining and sur-
face engineering have shown that the behavior
of metallic surfaces under high-energy process-
ing strongly depends on their microstructure,
surface condition, and the presence of oxides
or intermetallic phases. This has been demon-
strated for aluminum wire bonding (14), laser-
assisted surface cleaning used to improve inter-
facial stability (15), Fe—Al composite coatings
(16), and friction-welded S235JR structural
steel (17). These findings are relevant for laser
safety, as variations in surface roughness, oxida-
tion, thermal history, or phase composition can
significantly influence both specular and diffuse
reflection components, thereby affecting the
propagation of reflected or scattered laser radia-
tion in real industrial environments.

Recent literature has addressed laser back-
reflection and safety modelling primarily in the
context of automated or fully robotized high-
power laser systems, such as industrial laser beam
welding, laser-based battery manufacturing, and
large-scale high-power research facilities. These
studies typically analyze remote or enclosed pro-
cesses in which the operator is not directly ex-
posed to the laser beam or its reflections. Only
a few publications explicitly investigate back-re-
flected radiation, including analyses of reflections
from metallic targets irradiated by high-power
laser light (18), simulations of back-reflection
amplification in multi-petawatt laser systems
(19), and modelling of high-energy laser reflec-
tion at sea surfaces for hazard assessment (20).
Despite their relevance, none of these studies ex-
amine back-reflection behavior or safety model-
ling in manual (hand-held) laser welding, where
the operator remains physically present inside the
laser working zone and may be exposed directly
to reflected radiation. This absence of data under-
scores a significant research gap that the present
study addresses by analyzing laser beam propa-
gation and reflected radiation specifically under
realistic manual welding conditions.

Although the hazard potential of Class 4
handheld laser welding is well recognized, there
is a notable lack of experimental data describ-
ing how reflected and scattered radiation behave
under realistic manual-welding conditions. Ex-
isting studies typically rely on stationary optical
setups, simplified reflection models, or generic
hazard-distance predictions that do not capture

the geometric complexity and operator-depend-
ent variability of handheld processes. The nov-
elty of the present work lies in providing one of
the first systematic experimental datasets of an-
gular reflection patterns produced during hand-
held laser welding, offering a level of spatial
and angular resolution not previously reported.
Additional novelty stems from the direct com-
parison of two materials with distinctly different
reflectivities (structural steel vs. aluminium al-
loy) and the analysis of two welding joint ge-
ometries (butt and fillet), which have not been
previously evaluated in a structured way in the
context of secondary reflections. Furthermore,
the inclusion of angle-resolved measurements,
height-dependent observations, and helmet-lev-
el exposure assessments enables this study to
bridge the gap between theoretical hazard mod-
els and practical industrial conditions. Togeth-
er, these contributions provide an experimental
foundation for improving occupational laser
safety guidelines in the future.

The purpose of the present study is to perform
a detailed analysis of the spatial distribution of
reflected and scattered laser radiation generated
during manual welding of two commonly used
engineering materials: low-alloy structural steel
and aluminium alloy. To assess how welding ge-
ometry influences exposure, two joint configura-
tions — butt and fillet — were examined systemat-
ically. Through this approach, the study aims to
identify high-risk exposure zones for observers
at various positions, and derive practical recom-
mendations for protective enclosures, workspace
layout, and the selection of appropriate personal
protective equipment (PPE). In this study, “high-
risk exposure zones” refer to areas in which weld-
ers or nearby personnel may be exposed to direct
or indirect (reflected or scattered) laser radiation
at levels that may approach or exceed the applica-
ble MPE. These zones include both the immedi-
ate welding area and the surrounding space where
hazardous radiation can occur due to reflections
from the workpiece or other surfaces.

The remainder of this article is organized as
follows: the next section describes the experi-
mental setup, materials, and measurement meth-
odology; this is followed by the presentation of
the measurement results and their interpretation;
the discussion section examines the implications
for occupational exposure and laser safety; and
the article concludes with a summary of key find-
ings and directions for future research.
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MATERIALS AND METHODS

Measurements of reflected and scattered laser
radiation were carried out in a controlled labo-
ratory environment using a handheld fiber laser
welding system equipped with a Class 4 high-
power single-mode laser source (THEO MA1-65,
MaxPhotonics). All experiments were conducted
under ambient laboratory conditions with con-
trolled background illumination.

The test specimens consisted of low-alloy
structural steel (S235JR) with surface emission
coefficient of 0.56 and aluminum alloy (6061)
with surface emission coefficient of 0.07, welded
in two distinct joint configurations: butt and fillet
(Tables 1 and 2, Figure 1). The material samples
used in the tests were cut using a laser to final
dimensions of 100 x 50 x 5 mm. The S235JR
steel samples were prepared from pickled and
oiled sheet metal, whereas the aluminum speci-
mens were made from raw 6061 alloy. Prior to
the laser emission measurements, all samples
were degreased with acetone in accordance with
standard preparation procedures to ensure clean
and uniform surface conditions.

The laser beam operated at a wavelength of
approximately 1080 nm. Welding parameters,
including laser power, beam oscillation width,

oscillation frequency, and wire feeding speed,
were kept constant throughout all trials (Table 3).

The welding parameters listed in Table 3 were
selected to reflect values commonly used in indus-
trial practice for the specific joint types, base ma-
terials, and material thicknesses investigated. The
aim was not to optimize weld quality but to repro-
duce realistic operating conditions characteristic
of handheld laser welding. Using representative
process settings ensured that the resulting mea-
surements corresponded to the actual exposure
environment within a typical laser welding zone.
The inclusion of different joint configurations and
material types was intended to simulate the vari-
ety of practical scenarios in which welders and
nearby personnel may be exposed to reflected or
scattered laser radiation.

The reflectance of optical radiation from steel
and aluminum samples was determined in accor-
dance with EN ISO 18526-2:2020-09 (21) us-
ing a Cary 5E spectrophotometer (Varian, USA)
equipped with an Ulbricht integrating sphere.
Measurements were performed over the wave-
length range of 400-1100 nm.

Laser radiation intensity was recorded with
an Ocean Optics HR2000+ spectroradiometer
coupled to a VIS-NIR/SR optical fiber (type
QP400-2-SR). The measurement system was

Table 1. Basic mechanical properties of structural steel S235JR and aluminum alloy 6061

Strength properties

Low-alloy steel S235JR

Aluminum alloy 6061

Tensile strength (MPa) 360-510 290-320
Yield strength (MPa) =235 > 240
Elongation (%) 224 8-10

Table 2. Chemical composition of steel S235JR and aluminum alloy 6061

Element, % by mass

Low-alloy steel S235JR

Aluminum alloy 6061

Carbon (C) max 0.17% -
Silicon (Si) max 0.35% 0.4-0.8%
Manganese (Mn) max 1.40% max 0.15%

Phosphorus (P)

max 0.035%

max 0.035%

Sulfur (S)

max 0.035%

max 0.035%

Magnesium (Mg) - 0.8-1.2%
Chromium (Cr) - 0.04-0.35%
Zinc (Zn) - max 0.25%
Titanium (Ti) - max 0.15%
Copper (Cu) - 0.15-0.4%
Iron (Fe) max 0.7% -
Aluminum - Remainder
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Figure 1. Scheme of the welded specimens and joint configurations: a) butt weld, b) fillet weld

Table 3. Welding parameters depending on the type of material joined

Tvoe of material Laser beam power | Beam oscillation Beam oscillation | Wire feeding speed Process gas
yp [W] width [mm] frequency [Hz] [mm/s] 9
Low-alloy steel .

S235)R 1200 2.5 60 8 Nitrogen 5.0

A'“mg‘;é‘] alloy 1200 25 120 10 Nitrogen 5.0

calibrated using a certified halogen reference
lamp OL 200IR (1000 W) powered by a stabi-
lized current source Optronic OL 83A. Based
on this calibration, a normalization coefficient of
1.29 x 1077 can be applied to convert the detec-
tor response units (ru) into irradiance-equivalent
values (W/m?). This makes full normalization of
the recorded spectra possible. However, because
the objective of the study was to compare relative
differences in radiation intensity between materi-
als, joint types, sensor positions, and observation
angles, the results are reported in detector units
(ru). Data were collected at different spatial ori-
entations relative to the incident beam, including:
(1) in the beam direction from the operator’s posi-
tion, (ii) from a bystander’s position at eye level,
and (iii) laterally to both sides of the beam at pre-
defined angles (Figure 2).

Measurements were taken at distances (X)
from 10-200 cm from the point of laser beam
emission. At each distance, recordings were per-
formed at vertical positions (y): (i) the working
height corresponding to the welded sample (85
cm), and (ii) average eye levels of a standing op-
erator (135 cm and 156 cm). The selection of the
measurement heights was based on anthropomet-
ric considerations related to typical working pos-
tures in manual laser welding. The height of 85
cm corresponds to the standard working height of
industrial welding tables. The height of 135 cm

represents the approximate eye level of an opera-
tor of average stature (175 cm) leaning forward
over the workbench, while 156 cm reflects the eye
level of the same operator standing upright. These
measurement points therefore correspond to real-
istic head and eye locations during welding and
allow for an accurate assessment of potential laser
exposure under practical working conditions (22).
To obtain a comprehensive distribution pro-
file, the detector was positioned at varying angular
orientations (a): parallel to the worktable surface
(0°) and at incremental tilt angles of 15°, 30°, 45°,
60°, and 75°, enabling the capture of maximal re-
flection intensities. The selected angles reflect the
angular directions in which reflected or scattered
radiation may realistically reach personnel under
typical manual laser-welding conditions, based on
the geometry of the workstation and operator po-
sition. Angles above 75° were excluded because
radiation at 90° propagates vertically toward the
ceiling and therefore does not represent a practical
exposure hazard in the working zone. The spec-
troradiometer sensor was mounted on a tripod to
ensure reproducible positioning and alignment.
Additionally, to evaluate direct exposure
risks, measurements were repeated with the sen-
sor placed at the visor level of a welding hel-
met, at a defined distance d from the source. For
each angular position and distance, a minimum
of five independent readings was recorded. The
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Figure 2. Experimental setup (schematic, not to scale): a) side view, b) bird’s-eye view;
(x, y, a) = distance from the welding point, sensor height, and sensor angle relative to the horizontal direction.

mean value of these readings was used for further
analysis. The variability between repeated mea-
surements remained below 5% for all tested con-
figurations, indicating good repeatability of the
measurement procedure. The detection system
was calibrated before each measurement series
according to the manufacturer’s protocol.

RESULTS

Figure 3 presents the spectral reflectance
characteristics of the tested materials in the
400-1100 nm range. Aluminum exhibited high
reflectance, which decreased gradually toward

80

aluminum alloy

70 low-alloy steel

60
50
40

30

Reflectance, %

20

10

shorter wavelengths: =77.8% at 1100 nm, =76—
75% between 1064 and 1030 nm, =~73.4% at 980
nm, =~65.9% at 808 nm, =58.5% at 532 nm, and
~47.2% at 400 nm. In contrast, steel demonstrat-
ed consistently low reflectance values, remaining
relatively flat across the spectrum, with a slight
increase from =~13.8% at 1100 nm to =14.6% at
400 nm. These results indicate that, in the near-
infrared region typical of industrial laser welding
(1030-1080 nm), aluminum reflects a substantial
proportion of incident radiation, whereas steel re-
flects only about one-sixth of that amount.
Figure 4 presents the radiation intensity mea-
surements for structural steel (S235JR) and alu-
minum alloy (6061). The data were acquired for

400 500 600 700

800 900 1000 1100

Wavelenght, nm

Figure 3. Reflectance of optical radiation for structural steel S235JR and aluminum alloy 6061 samples
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butt joint configurations (Figure 1) with the de-
tector positioned in two orientations: (i) forward,
aligned with the laser beam axis, and (ii) laterally,
offset relative to the beam direction

The results of radiation intensity measure-
ments for fillet joint configurations of low-alloy
steel (S235JR) are shown in Figure 5.

Based on the descriptive statistics at 1080 nm,
it can be concluded that the maximum recorded
radiation intensity during manual laser welding
is influenced by multiple factors, including both
material properties and measurement geometry.
Each factor was analyzed independently, en-
abling the identification of critical configurations
associated with elevated exposure. Nevertheless,
under real working conditions these factors may
overlap, with secondary reflections further ampli-
fying radiation intensity.

For butt joint configurations, differences be-
tween steel and aluminum were relatively small.
The mean maximum intensity values were ~1912
ru for steel and ~2049 ru for aluminum, indicat-
ing comparable exposure levels, with aluminum
exhibiting slightly higher averages, most likely
due to its higher reflectance (Figure 3).

Probe orientation had a clear and quantifiable
influence on the measured radiation intensities. For
aluminum, the lateral probe position produced the
highest values, with a mean intensity of 2235 ru and
a maximum of 15554 ru, compared with a mean
of 1921 ru and a maximum of 6959 ru in the for-
ward position. This confirms that lateral scattering
from aluminum surfaces generates approximately
2.2 times higher peak intensities than the forward
direction. For steel, the effect was even more pro-
nounced. While the forward position yielded a
mean intensity of 1329 ru (maximum 10064 ru),
the lateral position produced a mean of 5481 ru and
a maximum of 15,553 ru—over a fourfold increase
in mean intensity relative to the forward direction.
These results demonstrate that steel, despite its low-
er reflectance, can produce extremely strong lateral
reflections under certain geometric conditions.

Joint configuration had a strong and quantifi-
able impact on the measured radiation intensities.
For aluminum, only the butt-joint configuration
was tested, yielding a mean maximum intensity
0f'2049 ru and a peak value of 15554 ru. For steel,
butt joints produced a mean maximum intensity
of 1912 ru (maximum 15109 ru). In contrast, the
fillet-joint configuration for steel generated sub-
stantially higher values, with a mean maximum
intensity of 3997 ru and a peak of 15553 ru. These

results demonstrate that fillet joints increased the
average maximum intensity for steel by approxi-
mately 109% relative to the butt joint (3997 vs.
1912 ru), while producing peak values compara-
ble to the highest intensities observed for alumi-
num. This indicates that joint geometry is a major
determinant of reflection strength, and that fillet
joints can create significantly larger hazard zones
than butt joints, even for materials with relatively
low baseline reflectance such as steel.

Distance from the welding point had a. non-
linear effect on the measured radiation intensi-
ties. For aluminum, maximum values occurred
at 15 cm, where the mean intensity reached 8685
ru and the peak exceeded 15554 ru, representing
the highest aluminum intensities recorded in the
study. At shorter (10 cm) and slightly longer (30
cm) distances, mean intensities were markedly
lower (1439-1535 ru), and the intensity contin-
ued to decline with increasing distance, falling to
1210 ru at 200 cm.

For steel, the highest intensities were also ob-
served at 15 cm, with a mean of 12091 ru and a
maximum of 15552 ru, making this configuration
the overall peak across all measurements. Elevat-
ed mean values persisted up to 30 cm (4101 ru),
after which intensity dropped substantially (e.g.
1747 ru at 60 cm, 1565 ru at 90 cm). By 200 cm,
the mean intensity decreased to 1091 ru.

These results demonstrate that the most
hazardous conditions consistently occur within
10—15 cm of the emission point, where both ma-
terials generated maxima above 15500 ru. This
localized peak zone represents the primary re-
gion of potential overexposure.

Although measurement height is analyzed
separately in the manuscript, the combined ef-
fect of distance and height confirms that eye-level
measurements (156 cm) can capture intensities
exceeding 15000 ru, underscoring the occupa-
tional relevance of these findings for standing op-
erators positioned near the welding head.

Probe angle had a strong and consistent ef-
fect on the measured radiation intensities. For
aluminum, the lowest mean intensities occurred
at 0° (1090 ru) and 15° (515 ru), while angles be-
tween 30° and 70° produced substantially higher
values. The mean intensities at 30°, 45°, and 70°
were 4695 ru, 1451 ru, and 8847 ru, respectively,
with the highest maximum intensity (15554 ru)
recorded at 70°.

For steel, the trend was even more pro-
nounced. At small angles (0° and 15°), mean
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nd sensor angle relative to the horizontal direction. The detailed view of the 1060—1100 nm wavelength range
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intensities were 2058 ru and 561 ru, respectively,
but rose sharply at larger angles: 4647 ru at 30°,
5120 ru at 45°, and 8756 ru at 70°. Peak intensi-
ties at 30°, 45°, and 70° reached 14090 ru, 15553
ru, and 15551 ru, respectively, consistently form-
ing the highest maxima in the dataset.

These results demonstrate that the greatest
exposure risk occurs at sensor angles between
30° and 70°, with 70° yielding the highest aver-
age and peak intensities for both materials. Lower
angles (0—15°) produced considerably weaker re-
flections, although isolated high peaks still ap-
peared for steel.

In summary, all investigated factors—materi-
al, probe position, joint type, distance, height, and
angle — contributed significantly to radiation ex-
posure levels. Several critical configurations were
identified in which intensities reached values pos-
ing a real hazard to operators’ eyesight, reinforc-
ing the necessity of appropriate eye and face pro-
tection during handheld laser welding operations.

To approximate realistic operator expo-
sure, additional measurements were performed
with the sensor mounted at the visor level of a

welding helmet. As shown in Figure 6, these val-
ues were consistently lower than the maximum
intensities measured near the beam axis; how-
ever, they still provide a direct indication of the
radiation levels that may reach the eyes during
manual welding tasks.

The measurements indicate that a welder po-
sitioned behind the laser beam-emitting head is
not exposed to direct laser radiation. The helmet-
mounted sensor did not detect radiation at the
laser emission wavelength (1080 nm), which is
consistent with the theoretical principles of light
propagation and the laws of physics governing
incidence and reflection. However, in the case of
more complex joint geometries, multiple reflec-
tions of the laser beam may occur, particularly
when welding highly reflective materials such as
aluminum or copper. Consequently, the possibil-
ity of hazardous exposure due to reflected radia-
tion cannot be entirely excluded.

The results demonstrate that manual laser
welding can be performed safely, provided that
appropriate operational procedures are followed
and adequate personal protective equipment
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Figure 6. Radiation intensity measurements with the sensor mounted on the welding helmet visor
for different configurations: S/BJ — steel and butt joint; S/FJ — steel and fillet joint,
and A/BJ — aluminum and butt joint

is employed — specifically, welding helmets
equipped with optical filters designed to attenuate
radiation at the relevant laser wavelength.

The collected data provide a comprehensive
characterization of how radiation intensity de-
pends on material type, joint geometry, sensor
placement, and observation angle. These findings
form a basis for further evaluation of occupational
exposure and the development of evidence-based
safety recommendations.

DISCUSSION

The conducted study provides application-
oriented insights into the optical hazards associ-
ated with manual laser welding. The reflection
spectra revealed markedly different reflection
behaviors depending on the material. For alumi-
num, smooth workpiece surfaces combined with
a reflectance exceeding 75% at 1030-1064 nm
favored strong specular returns; recent studies
emphasize that such high reflectivity, particularly
before plasma ignition, creates a critical reflec-
tion window in which single-bounce reflections
may carry sufficient energy to exceed safe levels
of radiation (23). Henrichsen et al. showed that
reflections from metallic targets can be decom-
posed into specular, forward-scattered, and Lam-
bertian components, with the specular component
producing the largest Nominal Ocular Hazard
Distances (NOHD)—up to hundreds of meters
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under high-power laser conditions (18). While
their experiments indicated that most metallic
surfaces, including aluminum and steel, tend to
reflect predominantly in a diffuse manner, even
a small probability of specular reflection can re-
sult in disproportionately large hazard distances.
This finding highlights that large NOHD values
do not necessarily equate to high risk, but that
risk assessments must integrate both reflection
characteristics and the likelihood of incidental
exposure. Retroreflection phenomena, described
in recent safety reports (23), further amplify this
risk, as beams may be redirected back toward the
operator from complex joint geometries. In addi-
tion, at visible wavelengths (e.g., 532 nm align-
ment sources), aluminum maintained appreciable
reflectance (~58%), reinforcing the significance
of specular reflections. In contrast, steel exhibited
substantially lower reflectance (~14%), resulting
in weaker but still relevant specular components,
particularly under conditions of polished surfaces
or grazing incidence. Overall, aluminum pre-
sented a considerably higher specular-reflection
risk within the near-infrared operating range than
steel, with this risk diminishing as the wavelength
shifted toward the visible spectrum.

The practical implications of the differing
reflective properties of aluminum and steel are
particularly important for occupational safety.
Aluminum produces strong specular returns that
can redirect hazardous energy along narrow an-
gular paths, especially when small changes in the



Advances in Science and Technology Research Journal 2026, 20(4), 213-226

operator’s posture or torch orientation occur. This
increases the likelihood that unexpected high-
intensity reflections may reach eye level, under-
scoring the need for robust shielding solutions and
PPE with appropriately high optical density during
aluminum welding. In contrast, steel’s substan-
tially lower reflectance results in weaker scattered
radiation which, in several measurement configu-
rations, appeared more dispersed, although the
available data do not allow a quantitative determi-
nation of the full angular extent. From a practical
standpoint, this may require greater attention to
workstation layout and lateral shielding to protect
assistants and nearby personnel. Overall, these
material-dependent behaviors suggest that safety
measures for handheld laser welding may benefit
from being adjusted to the specific reflective char-
acteristics of the processed material.

Beyond their influence on reflected radiation
patterns, the reflective properties of different ma-
terials also have important practical implications
for welding process efficiency. Highly reflective
materials such as aluminum or copper absorb
only a limited portion of the incident laser energy,
which reduces process stability and restricts the
maximum weldable thickness achievable with a
given laser power. For instance, using the same la-
ser source, low-alloy steel can typically be welded
up to approximately 7 mm, whereas the maximum
thickness decreases to around 5 mm for aluminum
and to approximately 3 mm for copper due to their
progressively higher reflectivity. These process-
related constraints further highlight the impor-
tance of understanding material reflectivity when
assessing both welding performance and occupa-
tional safety in manual laser welding applications.

The type of material was found to have a deci-
sive influence on the extent and intensity of scat-
tered and reflected radiation. Low-alloy structural
steel (S235JR), which absorbs a large proportion
of the laser energy, generated confined hazard
zones, with radiation intensity decreasing to near-
background levels within 0.8 m of the weld line.
By contrast, aluminum alloy 6061, characterized
by its high reflectivity, produced far more exten-
sive hazard zones, with measurable radiation per-
sisting at distances beyond 1 m. This highlights a
critical and underemphasized risk: welding highly
reflective materials such as aluminum or copper
necessitates more stringent protective measures
than those required for less reflective materials,
a distinction insufficiently addressed in existing
occupational safety standards.

Joint geometry also exerted a significant in-
fluence. Butt joints exhibited relatively simple re-
flection patterns with well-defined angular maxi-
ma, whereas fillet joints generated more complex
distributions due to perpendicular surfaces acting
as secondary reflectors. This extended the angular
range of reflected radiation and increased expo-
sure levels at lateral positions, even at greater dis-
tances from the weld. Such geometrically induced
secondary reflections are rarely considered in cur-
rent laser safety models, which typically assume
flat or idealized targets (24). While this approach
is suitable for generic hazard templates, it does
not capture the practical complexity of welding
joints with varying geometries. These findings
underscore the necessity of considering joint con-
figuration in workplace layout design and empha-
size the importance of shielding not only in front
of the welding head but also laterally and behind
the operator. However, no systematic studies have
yet addressed how different joint types (butt, fil-
let) modify reflection characteristics in handheld
laser welding. The present work directly contrib-
utes to filling this gap by providing one of the first
experimental comparisons of joint-dependent re-
flection patterns, thereby introducing a novel per-
spective into laser welding safety research. This
highlights the need for targeted investigations to
quantify geometry-dependent reflection hazards
and to provide an evidence base for refining pro-
tective measures.

Helmet-mounted measurements showed
that an operator positioned correctly behind the
beam source is largely shielded from direct la-
ser radiation. These emissions largely originate
from the high-temperature plasma plume above
the keyhole, which emits strong UV and blue-
light components (9,25). Scattered visible emis-
sions, were measurable during aluminum weld-
ing and may affect visual comfort. This justifies
the continued use of certified welding helmets
equipped with high-optical-density filters (OD
> 7-9) specifically rated for laser protection,
particularly in operations involving reflective
materials. In addition, recent optical diagnostics
studies show that visible and reflected emissions
strongly correlate with process parameters such
as laser power, defocus, and keyhole stability
(25-27). This dual role of visible radiation—as
both a potential hazard and a useful process sig-
nal —emphasizes the need for safety filters that
block harmful wavelengths while still allowing
effective optical monitoring.
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Although both steel and aluminum produced
comparable peak intensities (~15,000 units) at
very short distances (~15 c¢m), their attenuation
profiles differed markedly. Aluminum retained
hazardous intensity levels over a greater spatial
range, underscoring the need for stricter controls
not only for welders but also for assistants and
observers in the vicinity. These results provide
an empirical basis for defining exclusion zones
and enclosure requirements. Barrier heights of at
least 2.25 m were determined to be sufficient to
protect bystanders from horizontally or upward-
scattered radiation, with fire- and laser-resistant
enclosure materials recommended to mitigate
secondary reflections toward surrounding sur-
faces or equipment.

Overall, the study validates the necessity of
material- and geometry-specific safety consider-
ations in manual laser welding. While interna-
tional standards such as EN 60825 provide gen-
eral frameworks, the present findings enable re-
finement of guidelines related to shielding, PPE,
personnel positioning, and training.

CONCLUSIONS

This study provides a experimental assess-
ment of reflected laser radiation during handheld
laser welding and shows that both the welded
material and joint geometry critically influence
hazard-zone formation. Structural steel produced
narrow reflection fields with steep attenuation,
while highly reflective aluminium generated
broader and more persistent angular distributions.
Butt joints yielded predictable patterns, whereas
fillet joints increased lateral scattering. Measure-
ments at the visor level confirmed that proper op-
erator positioning reduces direct exposure.

In contrast to earlier work focused on station-
ary setups or simplified reflection models, this
study offers one of the first experimental datasets
capturing the complexity of handheld Class 4
welding. By integrating material reflectivity, joint
geometry, and observation position, the findings
demonstrate that handheld welding cannot be
evaluated through uniform risk models and that
exposure is strongly task-dependent.

The results have direct implications for oc-
cupational safety. Protective measures should be
tailored to material reflectivity and joint geome-
try rather than applied generically. Based on re-
flection intensities, the use of e.g. lateral and rear
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shielding, protective barriers of at least 2.25 m
(compliant with EN 60825-4), and certified weld-
ing helmets with high-optical-density filters (EN
207) is recommended. While engineering con-
trols reduce exposure, consistently using properly
rated PPE remains the most reliable safeguard.
Although economic aspects were not assessed,
the findings suggest that appropriate safety meas-
ures may support operational efficiency by reduc-
ing accidents and downtime.

The study’s limitations include the evalua-
tion of two materials, a single wavelength, and
controlled laboratory conditions without second-
ary reflections from surrounding surfaces. These
constraints imply that, although the qualitative
trends identified here are likely robust, the quan-
titative values should be verified before broader
application—particularly in environments with
more complex geometries or variable surface
conditions.

The extent to which these findings can be
generalized to other materials depends primarily
on their optical properties, surface condition, and
thermal behavior. The two materials examined
in this study—low-reflectivity structural steel
and highly reflective aluminum—represent the
lower and upper bounds typically encountered in
industrial practice. Accordingly, the qualitative
trends observed here, such as the widening of
hazard zones with increasing reflectivity and the
influence of joint geometry on angular scatter-
ing, are expected to apply to other engineering
metals with comparable characteristics. For ma-
terials similar to steel, including stainless steels
and titanium alloys, generalization can be made
with relatively high confidence. For highly re-
flective metals such as copper or polished nick-
el alloys, similar but potentially more intense
specular and scattered reflection behavior may
occur. However, substantial variation in surface
condition—such as oxidation, coatings, rough-
ness, or contamination—can significantly mod-
ify reflection patterns and may either amplify or
suppress the observed effects. Therefore, mate-
rial-specific verification is recommended before
transferring quantitative values to other systems
or workplace configurations.

Future research should examine pulsed la-
sers, additional industrial wavelengths, and real-
istic workplace environments where secondary
reflections and operator movement alter expo-
sure. Further work on surface conditions—such
as oxidation, coatings, and roughness—as well
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as on multi-material joints, three-dimensional
geometries, and optimized shielding will sup-
port improved exposure assessment and updat-
ed safety recommendations for handheld laser
welding systems.
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