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Welding emits high levels of particulate matter (PM) and ultrafine particles (UFPs), which are associated with

health risks including asthma, chronic obstructive pulmonary disease (COPD), and certain cancers. This

study quantifies inhalation doses and health risks from different PM size fractions (PM10, PM2.5, and UFPs:

15–595 nm) generated by Shielded Metal Arc Welding (SMAW), Wire Arc Additive Manufacturing (WAAM),

and Friction Stir Welding (FSW) under typical industrial conditions. Real-time PM and UFP concentrations

were measured using a scanning-mobility-particle-sizer and low-cost PM sensors. Inhalation doses were

estimated based on age, height, breathing frequency, inhalation rate, activity levels, and density variation

(2 to 7 g cm−3), with age-specific respiratory deposition (16–20, 21–40, 41–60 years) quantified via the

multiple-path-particle-dosimetry model for total, regional, and lobar levels. For PM10, the highest

deposition fraction (80–95%) occurred in the head region of individuals aged 16–20, while PM2.5 showed

the highest deposition fraction in the 41–60 age group, particularly in the head (35–90%) and pulmonary

(19%) regions. UFPs (<100 nm) are predominantly deposited in the thoracic and pulmonary regions, and

the magnitude of UFP deposition in these regions increases with higher welding currents and voltages.

SMAW and WAAM processes exhibited the highest particle deposition, with deposition of both PM and

UFPs being greatest in the oldest age group. Within the lungs, the lower lobes showed the greatest

particle deposition (21%), dominated by UFPs across all age groups. The estimated excess lifetime cancer

risk (1.28 × 10−4 to 6.88 × 10−4) exceeded WHO benchmark thresholds, while hazard quotients for

PM2.5 (20–88) and PM10 (16–81) were significantly above recommended safety limits. These findings

underscore the urgent need to regulate occupational exposure and include UFPs in air quality standards.
Environmental signicance

Welding processes generate hazardous particulate matter (PM) and ultrane particles (UFPs) that contribute signicantly to workplace air pollution, presenting
serious risks to respiratory health and cancer incidence among exposed workers. The impact of these emissions is compounded by evolving industrial tech-
niques and increased automation, which may alter exposure levels and patterns in future occupational environments. A comprehensive understanding of
emission characteristics, particle deposition, and exposure pathways is crucial for evaluating the long-term environmental and health implications of welding-
related PM and UFPs. This study provides a detailed assessment of ne and UFP emissions across shielded metal arc welding (SMAW), wire arc additive
manufacturing (WAAM), and friction stir welding (FSW), identies current gaps in occupational air quality standards, and emphasises the urgent need to
establish robust guidelines for regulating ne and UFP exposures to better safeguard worker health and support sustainable industrial practices.
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1. Introduction

Welding fumes, composed of toxic metals such as chromium,
nickel, and manganese, pose severe occupational health risks.
These fumes, rich in ne particulate matter (PM) and ultrane
particles (UFPs), are a major source of health hazards in
industrial environments and are linked to increased risks of
premature mortality.1,2 An estimated 10 million workers
worldwide are exposed to these fumes,3 which have been linked
to bronchitis, respiratory irritation, and inammation.4–6
Environ. Sci.: Adv., 2026, 5, 59–77 | 59
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However, there is no unied occupational exposure limit (OEL)
for welding fumes in India or the European Union (EU) for ne
and UFPs.7 Commonly used welding techniques, including
shielded metal arc welding (SMAW), wire arc additive
manufacturing (WAAM), friction stir welding (FSW), and laser
welding, generate substantial volumes of fumes, ranging from
1.7 to 8.3 mg s−1 (ref. 8) and are typically rich in both particulate
matter (PM) and ultrane particles (UFPs).9,10 Their chemical
composition varies with the base materials and consumables
used, with common constituents including oxides of iron (Fe),
manganese (Mn), nickel (Ni), and chromium (Cr). Exposure to
these oxides has been linked to serious health risks, including
contributions to premature mortality.1,2,11,12 Metals such as Mn
and Ni, due to their high water solubility, are more readily
absorbed in the respiratory tract.13,14 These oxides are primary
contributors to adverse cardiopulmonary effects,9 while respi-
rable PM can increase oxidative stress and trigger inammatory
responses in the respiratory system.15 Beyond quantifying fume
chemical composition concentrations, it is also essential to
assess the size distribution of PM and UFPs emitted by different
welding techniques, as particle size strongly inuences their
deposition patterns and associated health impacts. PM
concentration is categorised based on aerodynamic diameters
of particles commonly encompassing sizes of 10 mm or smaller
(PM10), 2.5 mm or smaller (PM2.5), 1.0 mm or smaller (PM1), and
less than 0.1 mm, referred to as ultrane particles (UFPs).16

UFPs pose increased toxicological risks due to greater lung
deposition, causing signicant respiratory and cardiovascular
effects.15 Particles below 30–50 nm can penetrate cells and
transport toxins to less-exposed tissues.17,18 Inhaled PM from
welding enters the respiratory tract through the nose or mouth,
depositing in the extrathoracic (head (H)), tracheobronchial
(TB), and pulmonary (P) regions, creating health issues inu-
enced by particle size and breathing patterns.19,20 Health risk
assessments of PM and UFPs are more accurately determined by
their deposition in the respiratory system rather than concen-
trations of PM and UFPs.21,22 PM exposure is linked to respira-
tory and cardiovascular diseases,23 cerebrovascular impacts,24

low birth weight,25 DNAmutations,26 and kidney disorders, with
children and the elderly being most vulnerable.27,28 While
several studies have addressed ambient PM and UFP deposition
in outdoor air,25,29 there is a lack of research on occupational
deposition patterns from indoor hazards like welding in both
developed and developing countries.

In India, rapid urbanisation and industrial activities, such as
welding, contribute to PM levels exceeding regulatory stan-
dards, driving increased mortality and morbidity.30 Welding
emissions release PM and UFPs, posing signicant occupa-
tional health risks to over 10 million workers worldwide,
contributing to bronchitis, respiratory irritation, and inam-
mation.4,31 PM and UFP concentrations are commonly used to
estimate lung deposition in studies, risk assessments, and
regulatory evaluations. Deposition depends on factors such as
aerosol concentration, respiratory patterns, and particle prop-
erties.32 Notably, the delivered dose is a key metric in toxico-
logical dose–response analysis and is essential for accurate
human health risk assessment.7 Understanding particle
60 | Environ. Sci.: Adv., 2026, 5, 59–77
deposition in the human respiratory system is crucial for
accurately assessing exposure-related health risks. While expo-
sure concentrations are relatively easy to measure, quantifying
the delivered dose is more complex. A study underscored the
importance of quantifying welding particle deposition to more
accurately assess the associated health effects.33 Dosimetry
models, such as the widely used multiple-path particle dosim-
etry (MPPD) model, provide a practical solution by estimating
total, regional, and lobar deposition based on aerosol properties
and respiratory parameters.29,34,35

Occupational exposure to PM and UFPs from welding poses
serious health risks but remains under-researched, particularly
in low- and middle-income countries like India. While ambient
air quality awareness is growing, the health impacts of different
welding techniques and their operational parameters are not
well understood. This study examines particle deposition from
SMAW, WAAM, and FSW welding processes, considering key
factors such as current, voltage, feed rate, and rotational speed.
SMAW has been previously investigated in very few studies for
PM and UFP emissions; detailed deposition patterns for these
particle sizes remain unquantied. Furthermore, emerging
industrial welding techniques such as WAAM and FSW have not
been sufficiently studied with respect to their emission char-
acteristics or associated health risks. The MPPD model is used
to simulate exposure scenarios and assess age-specic deposi-
tion of PM and UFPs in the respiratory tracts of males aged 16–
20, 21–40, and 41–60 years for different welding techniques. The
analysis emphasises the inuence of particle size on deposition
patterns across the head, tracheobronchial, and alveolar
regions. Additionally, the study also assesses potential health
risks to workers, using metrics such as excess lifetime cancer
risk (ELCR), hazard quotient (HQ), excess risks (ER), and
attributable fraction (AF) for all-cause mortality, cardiopulmo-
nary mortality, and lung cancer mortality. This research high-
lights urgent gaps in occupational air quality regulation for
welding, where existing standards focus primarily on respirable
PM and largely ignore ne and ultrane particles that penetrate
deeper into the lungs. Our ndings underscore the need for
updated exposure limits targeting these smaller particles to
better protect workers' health.

2. Materials and methodology
2.1 Study area and instrumentation for monitoring

The experimental study was conducted in the central mechan-
ical workshop of an educational institute in India. The work-
shop features 16 windows for ventilation and a single open
entry point serving as the main door. PM and UFP concentra-
tions were measured for various welding techniques, including
SMAW, WAAM, and FSW, at two levels: breathing height (1.5 m)
and welding height (1.1 m). These measurements were used to
analyse PM and UFP behavior as welding fumes disperse from
the welding height to the breathing height and other locations
within the workshop. UFP concentrations were recorded using
a TSI Scanning Mobility Particle Sizer (SMPS) Electrostatic
Classier (Model 3082), while PM concentrations were assessed
with the TSI DustTrak DRX Aerosol Monitor (Model 8533) and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a network of low-cost sensors (LCS) equipped with a PMS 5003.36

The LCS and DustTrak were used to measure PM2.5, whereas the
SMPS captured the total number concentration (TNC) and
particle size distribution within the 15–600 nm range. The
present study on the assessment of PM and UFP exposure
among workers builds upon our previous work on monitoring
emissions from different welding techniques in industrial
environments.37,38

SMAW was performed using an Aotai ARC200 with adjust-
able current and constant voltage for a stable arc. The emissions
of PM2.5 and TNC during SMAW are primarily caused by the
electric arc, which heats the base metal and ux coating.39,40 For
SMAW, PM, and UFPs, emissions were measured at two heights
using 5 mm mild steel samples under varying current levels: 50
amperes, 75 amperes, 100 amperes, and 125 amperes. Emis-
sions were measured at WH and BH under four conditions, with
each test repeated three times. Spatial and temporal variations
were recorded in three intervals: pre-welding (7 min), welding
(13 min), and post-welding (30–60 min).

WAAM is an advanced metal additive manufacturing tech-
nique that builds components by depositing layers of molten
metal using a continuously fed ller wire melted by an electric
or plasma arc. WAAM is suitable for large, durable parts in the
automotive, marine, and aerospace industries. In this study,
WAAM was performed using a TAL BRABO TR12-6 robotic arm
and a MOGORA INVAMIG 400 MIG welding set on carbon steel
to ensure consistent process repeatability. Low andmild-carbon
steels are widely used due to their excellent weldability, cost-
effectiveness, and availability, although they have lower
mechanical and corrosion properties than materials like tita-
nium or superalloys.41 Alloying elements such as titanium (Ti),
copper (Cu), nickel (Ni), and manganese (Mn) are added to
enhance strength, toughness, and corrosion resistance.42 In
WAAM, in situ interlayer powder alloying can further improve
steel properties, making it a key area for research and devel-
opment in manufacturing ultrahigh-strength steels with
tailoredmechanical characteristics, and understanding how the
emissions are changing with them. For the WAAM process, the
evolution of PM and UFP emissions was analysed under two
operational conditions: 18 volts and 65 amperes (globular
transfer) and 25 volts and 125 amperes (spray transfer). Emis-
sions were evaluated for WAAM with and without the incorpo-
ration of CuTi powder, and details of the PM and UFP emissions
from these are discussed in ref. 38. Initial measurements were
performed with CuTi powder under two conditions: as-received
(in its original purchased form) and preheated before addition
(more details can be found in ref. 38). Using an electric sieve
shaker, the CuTi powder was then classied into three size
ranges: <25 mm, 25–45 mm, and 45–95 mm. For each size range,
emissions generated during WAAM deposition were assessed
under controlled conditions, with a consistent powder quantity
used across all experiments. Each experiment involved the
deposition of 15 WAAM layers, ensuring a reliable comparison
of emission data across the different powder size ranges.38

FSW is a solid-state welding process that joins metals
without melting them, using a rotating, non-consumable tool to
generate frictional heat and bond materials. FSW was
© 2026 The Author(s). Published by the Royal Society of Chemistry
conducted using various combinations of feed rate and RPM,
including lower feed rate with either lower or higher RPM and
higher feed rate with either lower or higher RPM. The deposi-
tion of UFPs was carried out using different feed rates of 38
mm min−1, 58 mm min−1, and 95 mm min−1, along with tool
rotation speeds of 636, 900, and 1224 RPM, at WH or BH (both
are the same).43 These experiments provided valuable insights
into the emission dynamics of PM and UFPs for different
welding techniques and parameters. Detailed descriptions of
the experimental setup, tested materials, and the industrial
relevance of the welding techniques and their respective
parameters can be found in ref. 37, 38 and 44.
2.2 Dosimetry model description

The deposition fraction of inhaled PM particles in the human
respiratory tract was assessed using the MPPD, Version 3.04
model developed by the Hamner Institutes for Health Sciences,
USA. This extensively validated model is widely used in educa-
tion, research, and industry, making it a reliable tool for airway
particle dosimetry.34,45,46 Its theoretical foundation and appli-
cations have been reviewed in several studies,47,48 and can be
accessed via the American Research Association (ARA) website.
The MPPD model simulates particle deposition across species
for particles ranging from 0.001 mm to 100 mm, offering options
like Yeh–Schum, stochastic, and age-specic frameworks. This
study used the age-specic 5-lobe model for its realistic repre-
sentation of human airway morphology, capturing structural
and respiratory differences between children and adults.49

The model incorporates impaction, sedimentation, and
diffusion mechanisms to estimate particle deposition in
specic respiratory regions—extrathoracic (head), TB, and P.19

The deposition fraction (DF) in the model refers to the
proportion of particles of a specic size that settle in a particular
respiratory region (head, TB, or P) relative to the total number
entering the airways.50 Input parameters include particle prop-
erties (density and size distribution), exposure conditions, and
respiratory features such as breathing frequency (BF), tidal
volume (TV), functional residual capacity (FRC), and upper
respiratory tract (URT) volume. Also, it was assumed that all
particles entered the respiratory system via the nose with an
upright body orientation. Exposure to PM is categorised into
constant and variable scenarios. This study uses average PM
and UFP concentrations from different welding conditions
under constant exposure. The input parameter values other
than PM and UFP concentration were taken from different
studies,51,52 as shown in Table 2. Welding activities are typically
performed by individuals across a wide age range, from 16 to 60
years.32,53 For this study, three distinct age groups were selected:
16–20 years (teenage), 21–40 years, and 41–60 years. The MPPD
model results, particularly the deposition fraction (DF), were
utilised to estimate particle deposition (in mg or number of
particles) using the equation provided in ref. 45.

Deposition = DF × C × T × VE (1)
Environ. Sci.: Adv., 2026, 5, 59–77 | 61
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Table 1 Defined input parameters and their assigned values for the MPPD model

Parameters for input

Values or options

Teens Adults

Males Males

Species Human
Model Age-specic 5 lobe
Particle properties Density: 2 g cm−3 & 7 g cm−3, aspect ratio: 1, count median diameter: 0.05 mm, GSD: 1,

infallibility adjustment: PM2.5/PM10/UFPs
Exposure scenario Acceleration due to gravity: 9.81 m s−2; body orientation: upright, inspiratory fraction = 0.5; breathing

scenario = nasal
FRC (mL or L) 0.125 × 10−3 × h height (cm)3,29 36 × height (cm) + 3.1 × age (years) − 3183 (ref. 29)
Clearance setting Number of hours per day = 6; number of days per week = 5; number of weeks = 1/45/2340; max. post-

exposure days = 0, tracheal mucous velocity = 5.5 mm min−1; fast human clearance rate = 0.02/day,
medium human clearance rate = 0.001/day; slow human clearance rate = 0.0001/day; lymph node human
clearance rate = 0.00002/day

Table 2 Breathing parameters used in the model across different age groups, including tidal volume (TV), upper respiratory tract volume (URTV),
VE (inhalation rate) and breathing frequency (BF)

Age group FRC (ml) URTV (ml) BF (min−1)19 TV (ml) VE (l min−1)

16–20 years 2228.9 25 32 416 (ref. 29) 9.06
21–40 years 2832.0 50 20 616 (ref. 58) 11.8
41–60 years 2858.0 50 20 616 (ref. 58) 13.5
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In eqn (1), DF represents the deposition fraction of particles,
C is the average particle concentration measured during each
welding technique and their respective parameters (in mg m−3

or particles per cm3), T is the duration of welding exposure (in
minutes), and VE is the per-minute ventilation rate or inhalation
rate (in L min−1), which is calculated using easily measurable
variables, as outlined in ref. 54.

VE = e−8.57HR1.72fB
0.611age0.298sex−0.206FVC0.614 (2)

In this equation, heart rate (HR) is in beats per minute
(bpm),55 breathing frequency (fB) in breaths per minute,19 and
forced vital capacity (FVC) in liters (mL);29 age is given in years,
and sex is coded as 1 for males. FRC (functional residual
capacity) is the volume of air remaining in the lungs aer
a normal, passive exhalation. Table 1 provides an overview of
the input parameters and their assigned values used in the
MPPD model to estimate the deposition fraction. Functional
residual capacity (FRC) was calculated using a height-based
formula for teenagers (16–20 years) and an age-height-based
equation for adults (21–60 years), as indicated in Table 1.
Table 2 details the parameter values applied in the model across
different age groups, including FRC, tidal volume, upper
respiratory tract volume, and breathing frequency. Upper
respiratory tract volume refers to the total volume of air con-
tained within the upper portions of the respiratory system,
including the nasal cavity, pharynx, and larynx.

To investigate how particle size and mass distribution affect
deposition fractions, the MPPD model was rst applied under the
assumption of deposition-only, with no clearance mechanisms
62 | Environ. Sci.: Adv., 2026, 5, 59–77
included. Regional and lobar deposition fractions were calculated for
UFPs, PM2.5, and PM10 across different age groups. These deposition
fraction values formed the basis for estimating the deposition dose of
each particle type using the formula in eqn (1), allowing for direct
comparison across various age groups. To reect the range of welding
fume properties, deposition calculations were performed with particle
densities of 2 g cm−3 and 7 g cm−3, spanning from the effective
densities of particulates produced by different welding techniques
(2 g cm−3)56 to the bulk density of iron (Fe), the primary component of
most welding fumes (7 g cm−3).11 For a robust range-bound analysis,
deposition doses for UFPs, PM2.5, and PM10 were computed for each
age group by systematically incorporating the average, minimum, and
maximum particle concentrations measured during welding, under
both density conditions.

A simulation was conducted using the MPPD model to evaluate
welding fume particle retention, encompassing both deposition and
clearance. The assessment began with a one-week exposure scenario,
designed to reect typical occupational conditions of six working days
with eight hours of full exposure each day.57 The model incorporated
concentrations of PM2.5, PM10, and UFPs measured from different
welding techniques, analysing each fraction at its average, minimum,
and maximum observed levels. To account for variations in fume
composition, simulations were performed using particle densities of
2 g cm−3 and 7 g cm−3. All input details for these clearance and
deposition calculations are provided in Table 1 (clearance settings). To
understand the cumulative impact of long-term exposure, the same
model parameters were applied in an extended simulation covering
a 45 years timespan (equivalent to 2340working weeks under the same
occupational conditions), providing insight into particle retention and
clearance dynamics over a typical working lifetime.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.3 Health risk assessment (HRA)

Exposure to ambient air pollution has been linked to a wide range
of health effects, from minor, short-term respiratory issues to
more severe conditions such as reduced lung function, activity
limitations, and overall diminished performance.59 This section
outlines the framework for assessing pollution-related health
risks, beginning with pollutant sources and emissions. The
process then moves through environmental concentrations,
human exposure levels, and internal doses before ultimately
evaluating health impacts.60,61 Two key methods used to assess
health risks associated with PM10 and PM2.5 exposure are Excess
Lifetime Cancer Risk (ELCR) and the Environmental Burden of
Disease (EBD) attributable to air pollution.62 The approach adop-
ted here integrates methodologies from ref. 63 and 64. According
to Kim et al. (2018),63 contaminant health risk assessments are
categorised into carcinogenic and non-carcinogenic evaluations.
The carcinogenic risk is assessed using ELCR for ne particulate
matter, as detailed in the following section.

2.3.1 Excess lifetime cancer risk (ELCR). The ELCR is
calculated by multiplying the slope factor (SF) by the lifetime
average daily dose (LADD). This metric estimates the probability
of an individual developing cancer due to long-term exposure to
contaminants. The reference value for ELCR is 3.14 × 10−6,
which corresponds to one additional cancer case per one
million exposed individuals.63 The formula for ELCR is
expressed in eqn (3):

ELCR = SF × LADD (3)

where SF represents the contaminant-specic slope factor (mg
kg−1 day−1)−1 and LADD denotes the lifetime average daily dose
(mg kg−1 day−1). This risk assessment tool is crucial in evalu-
ating potential carcinogenic hazards associated with environ-
mental pollutant exposure.

(a) Slope factor (SF). The United States Environmental
Protection Agency (USEPA)65 supplies the SF data for each
contaminant, which can be calculated using the following
formula:

SF ¼ UR

BW� IR
(4)

where UR = unit risk of PM2.5 (mg m−3), BW is body weight (kg),
IR = inhalation rate (m3 day−1) (IR refers to the total volume of
air a person breathes in over the course of a day, measured in
cubic meters per day), and SF = slope factor (mg kg−1 day−1)−1.

(b) Lifetime average daily dose (LADD). The LADD represents
the cumulative exposure of occupants to contaminants over
their lifespan, and its calculation is as follows:

LADD ¼ CA� IR� EF� ED

BW�AT
(5)

where CA is the contaminant concentration (mg m−3), IR is the
inhalation rate (m3 day−1), EF is the exposure frequency (days
year−1), ED is the exposure duration (years), BW is the body
weight (kg), and AT is the averaging time (days) (Table 3). For
the calculation of LADD, the average PM2.5 concentrations from
different welding techniques and their respective parameters
© 2026 The Author(s). Published by the Royal Society of Chemistry
were used as input. The LADD approach does not account for
particle deposition in specic regions of the respiratory system;
instead, risk is derived directly from exposure concentrations.

The risk assessment assumed an 8 hours exposure duration
to represent a standard full work shi. This duration is based
on the widely accepted occupational exposure limit framework,
which uses an 8 hours time-weighted average as a benchmark
exposure period for industrial environments.66 This approach
corresponds with regulatory guidelines and common industrial
hygiene practices for welding, where an 8 hours daily exposure
is typical for workers. For modelling purposes, it was assumed
that welding activity occurred continuously throughout this 8
hours period to provide a conservative estimate of exposure.67

The concentrations of PM and UFPs used in the risk assessment
are derived from actual measurements performed in our prior
studies. These measurements were process-specic and
condition-specic, capturing PM and UFP emission rates from
various welding techniques under dened operating parame-
ters.37,38 For the prediction of LADD and ELCR, we assumed
a constant average exposure based on these measurements.
Although spatial and temporal variations were monitored
during pre-welding (7 min), welding (13 min), and post-welding
(30–60 min) intervals, only the concentrations recorded during
active welding were considered for exposure estimation. This
average concentration was then used to predict the exposure for
an 8 hours work shi, providing a representative basis for
evaluating occupational health risks.

2.3.2 PM2.5 exposure index. The PM2.5 exposure index was
determined for each activity using a 1 hour activity record,
offering a detailed evaluation of how PM emissions from
various welding techniques impact occupational workers in
industrial settings.

Ei ¼
XWPpi

� tk

Wg � ta
(6)

where Ei is the exposure index, WPpi
is the average PM2.5

concentration (mg m−3) for the specic operating parameter of
a welding technique, tk is the time spent by workers in that
specic environment, Wg is the PM2.5 guideline concentration
(WHO) (15 mg m−3),71 and ta is aggregate time (8 hours) (Table
3).

2.3.3 Intake concentration. In addition to estimating SF,
LADD, and ELCR, the intake concentration and hazard quotient
were also calculated to assess exposure levels. The average time
(in hours) workers spent in the kitchen was determined from
their daily activity logs. As per the updated USEPA guidelines,72

the inhalation rate and body weight are excluded when calcu-
lating the intake dose of airborne contaminants. The potential
intake concentration is determined using the following equation.

IC ¼ CA� ET� EF� ED

AT
(7)

The intake concentration (IC) is determined using several
key parameters, including the contaminant concentration (CA)
in mg m−3, exposure frequency (EF) in days year−1, the exposure
Environ. Sci.: Adv., 2026, 5, 59–77 | 63
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Table 3 Definition, source of information, and typical values

Parameters Denition and units Values References

BW Body weight (kg) 16–20 years: 50 USEPA68

20–60 years: 70 USEPA68

IR Inhalation rate (m3 day−1) or Ve 16–20 years: 9.06 Greenwald (2019)54

21–40 years: 11.84
41–60 years: 13.59

EF Exposure-frequency (days year−1) 270 days Present study
UR Unit-risk (PM2.5) (mg m−3) 0.008 63 and 69
ED Exposure-duration (years) 15 70
SF Slope-factor (mg kg−1 day−1) USEPA65

AT Averaging-time (days) Non-carcinogens AT = ED × 365 days year−1 64 and 69
Carcinogens AT = 70 year × 365 days year−1

ELCR Excess lifetime cancer risk Calculated values 63
LADD Lifetime-average-daily-dose

(mg kg−1 day−1)
Calculated values 69

ET Exposure-time (hours day−1) 8 70
IC Intake-concentration (mg m−3) Calculated values 70
Rfc Reference-concentration (mg m−3) PM2.5: 40, PM10: 68 Background concentration

during experiments
HQ Hazard quotient Calculated values 70
b Coefficient-of-risk-function 0.155 (95% CI: 0.056–0.25) for cardiopulmonary-mortality,

0.232 (95% CI: 0.085–0.378) for lung-cancer-mortality, and
0.0008 (95% CI: 0.0006–0.001) for all-cause-mortality

64 and 69

X0 Baseline concentration (mg m−3) PM2.5: 40, PM10: 68 Background concentration
during experiments
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time (ET) in hours day−1, the exposure duration (ED) in years,
and the average time (AT) in days (Table 3).

2.3.4 Hazard quotient (HQ). The hazard quotient (HQ) is
used to assess the potential non-carcinogenic health effects
associated with PM2.5 exposure. It is calculated by comparing
the intake concentration (IC) in mg m−3 to the reference
concentration (RFC) in mg m−3, following the methodology
outlined in ref. 65 and 70. A hazard quotient value greater than
1 indicates a potential risk of adverse health effects, while
a value below 1 suggests minimal risk.

HQ ¼ IC

RFC
(8)

2.3.5 Relative risk (RR), excess risk (ER), and attributable
fraction (AF). The Environmental Burden of Disease (EBD) frame-
work involves the estimation of key epidemiologicalmetrics, such as
relative risk (RR), excess risk (ER), and attributable fraction (AF). The
RR for all-cause mortality due to short-term exposure to PM10 was
determined using the equation proposed in ref. 73. RR represents
the likelihood of adverse health effects, such as all-cause mortality
or lung cancer mortality, in a population exposed to elevated air
pollution levels compared to a background level with minimal
anthropogenic pollution (68 mg m−3 for PM10). Further details on
RR, ER, and AF can be found in Section S1 of the SI.

3. Results and discussion
3.1 Summary of variation in PM and UFP concentrations
during different welding processes

Tables 4, S1 and S2 provide a summary of the average UFP,
PM2.5, and PM10 concentrations for SMAW, WAAM, FSW,
64 | Environ. Sci.: Adv., 2026, 5, 59–77
and their respective parameters. The UFP concentration is
expressed as the TNC within the particle size range of 15 nm
to 589.2 nm for each welding technique. The emissions of
PM2.5 and TNC during SMAW mainly originate from the
electric arc, which intensely heats the base metal and ux
coating.39,40 The ux coating, composed of metallic oxides,
silicates, and organic binders, undergoes combustion and
vaporisation at these high temperatures.4 This process
releases gases, vapours, and particulate matter, which
signicantly contribute to the measured emissions. During
SMAW, PM2.5 and PM10 concentrations were lowest at 50
amperes and highest at 125 amperes, with UFP TNC also
peaking at 125 amperes and dropping to the minimum at 50
amperes. During WAAM, both PM2.5 and PM10 concentra-
tions peaked at lower current and voltage settings, while
UFP TNC was higher under lower operating conditions than
higher currents and voltages. The results from various test
conditions for FSW reveal that lower feed rates combined
with lower or higher RPMs (38 mm min−1 and 636 rpm or
1224 rpm) tend to increase UFP emissions. Conversely, at
higher feed rates combined with lower or higher RPMs (95
mm min−1 and 636 rpm or 1224 rpm), UFP emissions are
also high. Interestingly, when the feed rate is maintained at
58 mm min−1, UFP emissions remain low, regardless of
whether the RPM is high or low. The variation in UFP
emissions is mainly driven by particles smaller than 100 nm,
while concentrations of particles larger than 100 nm
decrease sharply. As a result, PM2.5 and PM10 levels remain
close to ambient values across different FSW operating
conditions. Therefore, deposition analysis for FSW was
focused on UFPs in the 10–600 nm range.37
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Variation of PM and UFP concentrations during different welding techniques with their respective parameters (more details on the PM
and TNC values for different welding techniques are provided in Tables S1 and S2 in the SI) (A: amperes)

Welding techniques Welding techniques and parameters TNC (#/cm3) PM2.5 PM10

SMAW 50 A SMAW 1.30 × 106 650 900
75 A SMAW 1.49 × 106 1210 1890
100 A SMAW 1.37 × 106 2380 3840
125 A SMAW 2.36 × 106 2780 4350

WAAM 18 volts, 65 AWAAM 2.7 × 106 1300 2200
20 volts, 125 A WAAM 1.44 × 106 910 1850

TNC (#/cm3)
FSW 38 mm min−1 to 1224 RPM 1.35 ×107

38 mm min−1 to 900 RPM 7.16 ×106

38 mm min−1 to 636 RPM 5.62 ×106

95 mm min−1 to 1224 RPM 1.15 ×107

95 mm min−1 to 900 RPM 2.31 ×106

95 mm min−1 to 636 RPM 5.38 ×106

58 mm min−1 to 1224 RPM 5.50 ×106

58 mm min−1 to 636 RPM 2.31 × 106
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3.2 Particulate matter deposition estimates

3.2.1 Total particulate matter deposition fraction in
human airways. The DF of PM10, PM2.5, and UFPs across various
age groups for different particle density values is summarised in
Fig. 1, calculated using parameters such as FRC, URT, BF, and
TV as explained in Tables 1 and 2. Regarding total DF (DFtotal =
DFhead + DFTB + DFP), PM10 demonstrated the highest total DF
in the human respiratory tract, ranging from 96% to 100%
(Fig. 1f), followed by PM2.5, which ranged between 55% and
98% (Fig. 1e) across different age groups and different densi-
ties. For PM10, most particles were deposited in the head region
compared to the tracheobronchial and pulmonary regions, with
deposition increasing as density rose to 7 g cm−3 (Fig. 1f). This
is due to greater inertia and faster settling of high-density
particles, leading to enhanced impaction and sedimentation
in the nasal passages and larynx (head region). For PM2.5,
deposition was also highest in the head region.74,75 At 2 g cm−3,
some increase was observed in the pulmonary region, but at
7 g cm−3, deposition shied predominantly to the head with
reduced pulmonary deposition (Fig. 1e). Lower-density PM2.5

particles, having smaller aerodynamic diameters, remain sus-
pended longer and diffuse deeper into the lungs, whereas
higher-density particles settle more quickly, limiting deep lung
penetration.74,75

For UFPs, the total DF varied signicantly depending on
particle size and density: 2 g cm−3 particles between 10 and
23 nm showed deposition fractions of 83% to 65%, particles
from 23 to 100 nm ranged from 63% to 30%, those between
100 nm and 300 nm exhibited deposition fractions from 29% to
17%, and those between 300 nm and 600 nm exhibited depo-
sition fractions from 17% to 22% (Fig. 1d). 7 g cm−3 particles
between 10 and 23 nm showed deposition fractions of 64% to
80%, particles from 23 to 100 nm ranged from 63% to 28%,
those between 100 nm and 300 nm exhibited deposition frac-
tions from 28% to 25%, and those between 300 nm and 600 nm
exhibited deposition fractions from 25% to 51% (Fig. 1e). The
© 2026 The Author(s). Published by the Royal Society of Chemistry
higher deposition fraction of UFPs in the pulmonary region at
2 g cm−3 compared to 7 g cm−3 is due to lower-density particles
having smaller aerodynamic diameters, which enhances diffu-
sion and allows deeper lung penetration.74,75 In contrast, higher-
density particles settle faster, reducing their deposition in the
deep lungs. Conversely, deposition in the head region is greater
at 7 g cm−3, where heavier particles settle more rapidly. Overall,
PM10 showed higher total deposition percentages than PM2.5

and UFPs (Fig. 1f). This density-dependent shi reects how
particle behaviour inuences regional lung deposition.

The higher PM10 DF in the 16–20 age group may be due to
smaller airway dimensions and higher breathing frequency
(Table 2), which enhance particle impaction in the upper
airways. In contrast, lower PM2.5 and UFP deposition in this
group likely results from their greater lung volumes and faster
clearance, reducing retention. Interestingly, for UFPs, the 16–20
age group had the lowest deposition fractions, while higher
fractions were observed in the 21–40 and 41–60 age groups.
Overall, males in the 41–60 and 21–40 age groups were found to
have greater exposure across all PM sizes compared to those in
the 16–20 age group. The higher deposition fractions for PM
and UFP in the 21–40 and 41–60 age groups may be linked to
age-related changes in lung morphology and reduced clearance
efficiency. Additionally, males in these older groups show
greater exposure across PM sizes, possibly due to differences in
lung size, higher inhalation rate compared to the younger age
group (Table 2), breathing patterns, and occupational or life-
style factors affecting inhalation exposure.19,76 However, this
ranking could change if the analysis focused on specic particle
sizes. Despite variations in the methodologies, equations, and
assumptions used in previous studies to estimate PM deposi-
tion, no signicant differences in total DF have been reported
across studies.76–79

This study also evaluated the deposited mass (Fig. S1) and
mass per unit area (Fig. S2 and S3) for SMAW and WAAM under
varying current and voltage conditions. PM10 exhibited the peak
Environ. Sci.: Adv., 2026, 5, 59–77 | 65
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Fig. 1 Influence of age on regional deposition fractions for ultrafine particles (UFPs) and particulate matter (PM) at varying particle densities: (a)
deposition in the head region for UFPs (0.01–1 mm), (b) tracheobronchial (TB) region for UFPs (0.01–1 mm), (c) pulmonary (P) region for UFPs
(0.01–1 mm), (d) total lung deposition for UFPs (0.01–1 mm), (e) PM2.5 across respiratory regions, and (f) PM10 across respiratory regions.
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value of deposition in the TB region due to its larger particle size
compared to PM2.5. During SMAW, peak PM10 deposition in the
TB region occurred across all amperages, with the 16–20 age
group recording peak deposition masses of 2.8 × 10−3 mg, 5.9 ×

10−3 mg, 0.0121 mg, and 0.0137 mg at 50, 75, 100, and 125
amperes, respectively (Fig. S1). The peak PM2.5 deposition, in
contrast, showed an increasing trend with age. The 16–20 age
group exhibited the peak value of PM2.5 deposition, which was
lowest across all amperages, ranging from 5.8 × 10−4 mg to 2.4
× 10−3 mg, while the 21–40 and 41–60 age groups recorded
average increases of 5% and 6%, respectively, for peak PM2.5

deposition in the TB region (Fig. S1). Additional details on
SMAW and WAAM peak deposition trends for PM2.5 and PM10,
along with visualisation of PM deposition in the TB region, are
provided in Section 1.1 of the SI.
66 | Environ. Sci.: Adv., 2026, 5, 59–77
3.2.2 Regional deposition fraction and deposition of mass
for PM and UFPs in human airways. Regarding regional DF, PM
sizes and density vary signicantly in their deposition across the
head, TB, and P. PM10 and PM2.5 predominantly deposited in
the head region for all age groups, with a DF of 88 ± 10% for
PM10 and 61 ± 20% for PM2.5 across different densities, align-
ing with ndings from other studies.19,29 In contrast, UFPs (0.01
mm to 0.1 mm) showed minimal deposition in the head region (6
± 1.5%) but were heavily deposited in the P region (30 ± 4.5%).
PM10 and PM2.5 had the least deposition in the pulmonary
region at 2 ± 1.5% and 11 ± 6%, respectively. Deposition in the
TB region was comparatively lower, with UFPs (0.01 to 1 mm) (12
± 2%) leading, followed by PM10 (6 ± 5%) and PM2.5 (5 ± 1%).
The standard deviations reect the variability in deposition
fractions for PM and UFPs across different particle densities.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The deposition of welding particles in the respiratory tract is
governed by particle size, airow dynamics, and anatomical
characteristics. Different mechanisms dominate across size
ranges: inertial impaction favors larger particles (e.g., PM10) in
the upper airways, where airow is strongest,20,49,50 while ultra-
ne particles (<100 nm) readily penetrate to the peripheral lung
due to Brownian diffusion, posing greater health risks.48 The
total deposition fraction (DF) is highest for 10–250 nm particles,
decreases to 300 nm, and then rises to 1000 nm as sedimenta-
tion and impaction dominate. Particles deposited in the upper
airways are more rapidly cleared, whereas those reaching
deeper lung regions persist longer. The calculated size-fraction
deposition doses for total and regional deposition (head, TB,
and P regions) across all age groups and welding parameters are
shown in Fig. 2, 3 and S4.

(a) Deposition of PM10 and PM2.5 across SMAW and WAAM
welding techniques under varying operational parameters. PM10

and PM2.5 deposition from SMAW increased with amperage
across all age groups. In the 16–20 age group, PM10 deposition
rose from 5.1 ± 0.9 mg at 50 amperes to 24 ± 5.4 mg at 125
amperes in the head region, which is accumulating the most.
PM2.5 deposition followed a similar trend, increasing from 2.5±
1.3 mg at 50 amperes to 11 ± 5.6 mg at 125 amperes in the head
region, which is accumulating the most. For the 21–60 age
group, PM10 deposition (mg) was increased by 380% in the
Fig. 2 Deposited mass of PM in the head, tracheobronchial (TB), and pu
years, 3G = 41–60 years) for different welding techniques and parameter
A, and 125 A, (b) PM2.5 during SMAW at 50 A, 75 A, 100 A, and 125 A, (c) PM
25 V and 125 A, and (d) PM2.5 during WAAM at 18 V and 65 A and 25 V a

© 2026 The Author(s). Published by the Royal Society of Chemistry
head, TB, and P as the current rating during SMAW was
increased from 50 amperes to 125 amperes, while PM2.5 depo-
sition is increased by 308% in the head, TB, and P as the current
rating during SMAW was increased from 50 amperes to 125
amperes (Fig. 2). These percentage values represent the relative
increase in deposition (mg) of PM10 and PM2.5 between the 50
amperes and 125 amperes levels for each age group, and for
different regions of the respiratory system (head, TB, and P).
The average and standard deviation (SD) presented in Fig. 2
represent the mean deposition doses for PM2.5 and PM10,
calculated according to eqn (1).

For each scenario, PM concentrations at their average,
minimum, and maximum levels were combined with DF cor-
responding to two different particle densities, generating six
deposition dose values. These values were then averaged, and
the SD was calculated to produce the results shown in the
gure. The compositional analysis of fumes generated during
SMAW identied metal oxides such as iron (Fe), aluminum (Al),
zinc (Zn), chromium (Cr), manganese (Mn), nickel (Ni), copper
(Cu), and lead (Pb).80 The study also found that manganese and
zinc were more prevalent in the ne and ultrane particle
ranges, with their concentrations increasing alongside rising
welding current, likely due to enhanced electrodemelting.80 The
increase in PM10 and PM2.5 deposition with rising current from
50 to 125 amperes during SMAW is due to the higher heat input
lmonary (P) regions across age groups (1G = 16–20 years, 2G = 21–40
s: (a) PM10 during shielded metal arc welding (SMAW) at 50 A, 75 A, 100

10 during wire additive arc manufacturing (WAAM) at 18 V and 65 A and
nd 125 A. (A = amperes, V= volts).
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Fig. 3 Deposited number of UFPs for four size ranges (1: sub 23 nm, 2: 23–100 nm, 3: 100–300 nm, 4: 300–600 nm) in the head, tracheo-
bronchial (TB), and pulmonary (P) regions across age groups (1G = 16–20 years, 2G = 21–40 years, 3G = 41–60 years) for shielded metal arc
welding (SMAW) (50 A, 75 A, 100 A, and 125 A) and wire additive arc manufacturing (WAAM) (18 V 65 A, 25 V 125 A), WAAMwith powders (P1: 95–
45 mm, P2: 45–25 mm, and P3: less than 25 mm). ((a) Deposition dose for the sub 23 nm UFP range from SMAW. (b) Deposition dose for the 23–
100 nm UFP range from SMAW. (c) Deposition dose for the 100–300 nm UFP range from SMAW. (d) Deposition dose for the S300–600 nm UFP
range from SMAW. (e) Deposition dose for the sub 23 nm UFP range fromWAAM. (f) Deposition dose for the 23–100 nm UFP range fromWAAM.
(g) Deposition dose for the 100–300 nm UFP range from WAAM. (h) Deposition dose for the 300–600 nm UFP range from WAAM).

68 | Environ. Sci.: Adv., 2026, 5, 59–77 © 2026 The Author(s). Published by the Royal Society of Chemistry
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from the electric arc, which boosts combustion and vapor-
isation of the ux and base metal. This intensies particulate
emissions. Electrode consumption also rises with current, from
ve electrodes at 50 amperes to twelve at 125 amperes (same
interval of welding), reecting faster melting and material
transfer.37 Higher current enhances arc stability and electrode
wear, leading to increased particle generation and thus greater
PM emissions. The increase in PM10 and PM2.5 deposition with
age is due to higher inhalation rates in older adults compared to
younger individuals. A greater inhalation rate means more air,
and consequently more particles, enter the respiratory system,
resulting in increased particle deposition in the lungs of older
people. Ageing also causes small airways to close at higher lung
volumes, trapping more particles in the peripheral lung during
exhalation manoeuvres, increasing peripheral deposition.

PM10 and PM2.5 deposition (mg) in WAAM varied with
voltage and amperage. In the 16–20 age group, PM10 deposition
was 12 ± 1.5 mg at 18 V 65 A (low current and voltage) and 10 ±

1.8 mg at 25 V 125 A (higher current and voltage), while PM2.5

deposition was 4.5 ± 2.0 mg and 3.1 ± 1.3 mg, respectively.
Deposition increased in older age groups, with PM10 deposition
(mg) rising from 25 V 125 A to 18 V 65 A by 18% (head), 18%
(TB), and 18% (P) in the 21–60 group. PM2.5 deposition (mg)
rose from 25 V 125 A to 18 V 65 A by 44% (head), 42% (TB), and
42% (P) in the 21–60 group. These percentage values represent
the relative increase in deposition (mg) of PM10 and PM2.5

between 25 V 125 A and 18 V 65 A levels for each age group, and
for different regions of the respiratory system (head, TB, and P).
In short-circuit or globular transfer mode (low current and
voltage), larger, unstable molten droplets are transferred across
the arc, causing spatter and oxidation. This unstable transfer
leads to droplet detachment and splashing, resulting in higher
PM2.5 and PM10 deposition. In spray transfer (higher current
and voltage), smaller droplets are transferred smoothly across
the arc, typically at higher currents and voltages, leading to
lower PM2.5 and PM10 deposition. In WAAM, higher current and
voltage settings were associated with increased concentrations
of iron (Fe) oxides, while manganese (Mn) concentrations were
elevated at lower current and voltage levels, contributing more
substantially to ne and ultrane particle emissions under
these conditions.9

(b) Deposition of UFPs across SMAW, WAAM, and FSW welding
techniques under varying operational parameters. UFP analysis
categorised particles (15–600 nm) into four size groups, with
inhalation doses calculated for different welding techniques.
Results show the highest UFP deposition in the P region, unlike
PM10, which primarily deposits in the head. PM2.5 also deposits
more in the P region than the head, but remains lower than the
UFP deposition. Fig. 3 shows UFP deposition across respiratory
regions for different age groups during SMAW and WAAM,
while Fig. S4 presents results for FSW. In SMAW, particles
<100 nm deposited more efficiently in the TB and P regions for
the 16–20 age group, whereas particles >100 nm dominated in
the head region. For the 21–60 age group, particles <100 nm
consistently showed higher deposition across all regions. From
50 to 125 A, deposition of <100 nm UFPs increased by ∼174–
175% in the head, 169% in TB, and 150–154% in P, while
© 2026 The Author(s). Published by the Royal Society of Chemistry
>100 nm UFPs increased by ∼80–90% across regions. These
percentages represent the relative change in particle number
deposition from 50 to 125 A, calculated for <100 nm (sub-23 nm,
23–100 nm) and >100 nm (100–300 nm, 300–600 nm) particles
across respiratory regions (head, TB, P) and age groups. The
average and standard deviation (SD) presented in Fig. 3 and S4
represent the mean deposition doses for UFPs across four size
ranges (sub-23 nm, 23–100 nm, 100–300 nm, and 300–600 nm),
calculated using eqn (1). UFP concentrations from SMAW,
WAAM, and FSW at different parameters were analysed using
average, minimum, and maximum values for each size range.
Combining these with deposition fractions for two particle
densities yielded six dose values, which were averaged with SD
(Fig. 3). Results show that smaller particles, especially those
<100 nm, deposit predominantly in the P region because of
their very small size, which enables them to reach deep lung
areas through Brownian diffusion, allowing them to penetrate
deeply and deposit in alveoli. As particle size increases, inertial
impaction and gravitational sedimentation become dominant,
causing larger particles to deposit earlier in the respiratory tract,
especially in the head region (nasal passages and upper
airways).

Deposition increases with welding current and age, high-
lighting higher risks for older welders and at higher amperages.
This underscores the need for protective equipment and effec-
tive ventilation to reduce exposure.

During WAAM, particles <100 nm show higher deposition
across all respiratory regions compared to larger UFPs. In the
16–20 age group, deposition of <100 nm particles increased by
110% (head), 103% (TB), and 50% (P) when the current
decreased from 125 A 25 V to 65 A 18 V, while >100 nm particles
showed greater increases in the head regions. Similar trends
occurred in the 21–60 age group, highlighting the inuence of
welding parameters on deposition. These percentages show
relative changes in particle number deposition with current
variation (125 A 25 V to 65 A 18 V), calculated for <100 nm and
>100 nm particles across respiratory regions and age groups.
The inclusion of Cu–Ti powder during WAAM increases ultra-
ne particle deposition in the respiratory regions due to
vaporisation and oxidation of the powder at high arc tempera-
tures, generating metallic oxides. The added powder also
provides extra metal surface area that promotes vaporisation
and particle formation. Interaction with the arc plasma creates
thermal gradients and microexplosions, amplifying particle
release and increasing UFP emissions. Using powders of
different size ranges for WAAM (95–45 mm, 45–25 mm, and <25
mm), deposition for particles <100 nm is higher in all age groups
than for larger UFPs greater than 100 nm. The number depo-
sition was higher at 18 volts 65 amperes and ner powder sizes
(45–25 mm), indicating a higher number of particles deposited
in the head, TB, and P than other parameters. Older age groups
(21–40 and 41–60) are more vulnerable, showing greater depo-
sition than younger individuals (16–20).

During FSW, UFP deposition was notably higher for particles
smaller than 100 nm, with the most signicant increases
observed in the TB and P regions, as shown in Fig. S4. Fig. S4
displays the number deposition of UFPs across four size
Environ. Sci.: Adv., 2026, 5, 59–77 | 69
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ranges—sub-23 nm, 23–100 nm, 100–300 nm, and 300–600
nm—in the head, TB, and P regions. The results indicate that,
in terms of the number of deposited particles in the head, TB,
and P regions, individuals in the older age group (41–60)
experience greater exposure compared to those in the younger
age group (16–20). At a feed rate of 38 mm min−1, the total
number deposition was highest at 1224 RPM, followed by 900
RPM and 636 RPM. At a 95 mm min−1 feed rate, the total
number deposition was highest at 1224 RPM, followed by 636
RPM and 900 RPM. In general, the number deposition was
higher at the lower and higher feed rates (38 and 95 mmmin−1)
for their respective RPM values, whereas at the intermediate
feed rate of 58 mm min−1, deposition was the lowest across
different RPMs (Fig. S4).

3.2.3 PM and UFPs' lobar deposition in human airways.
Fig. 4 shows the DF across the ve lung lobes at different
particle densities across different age groups. The right lung has
three lobes—right lower (RL), middle (RM), and upper (RU)—
while the le lung has two—le lower (LL) and upper (LU)—to
accommodate the heart (as noted in ref. 76). PM2.5 showed the
highest DF in the lower lobes (LL: 9%, RL: 6%), with the lowest
in the RM (1%) across all ages at 2 g cm−3. PM10 had lower
deposition overall but followed a similar pattern, highest in the
lower lobes (LL: 2%, RL: 1%) and lowest in RM (0.45%). At
higher particle density (7 g cm−3), both PM2.5 and PM10 depo-
sition in lobes were very low, concentrating mainly in the head
region.

UFPs had notably higher DF, with the LL lobe showing the
greatest deposition (13%), followed by RL (9%), and the RM
lobe the lowest (2.6%), consistent for all age groups. Addition-
ally, UFPs smaller than 100 nm demonstrated a higher depo-
sition fraction compared to those larger than 100 nm, as
indicated in Fig. 4b. The lower lobes of the lungs are more
exposed to UFPs, PM2.5, and PM10 because they receive a larger
share of airow, leading to higher particle delivery and depo-
sition. This is enhanced by gravity-driven settling, slower airow
that promotes sedimentation, and airway geometry that directs
more air, and thus more particles, toward these regions.48,77 The
Fig. 4 Deposited fraction (DF) of PM2.5, PM10, and UFPs across different s
fraction of PM2.5 and PM10, and (b) deposition fraction of UFPs in four siz
600 nm. The deposition is shown for the right lower lobe (RL), right mid
lobe (LU), across three age groups: 1G (16–20 years), 2G (21–40 years),

70 | Environ. Sci.: Adv., 2026, 5, 59–77
le lung lobes receive higher deposition of UFPs, PM2.5, and
PM10 due to their longer, narrower bronchus with sharper
branching angles. This geometry channels more particle-laden
airow, increases inertial impaction, slows airow, and
prolongs particle residence time, all of which enhance deposi-
tion compared to the right lung.81–83

Notably, the deposition patterns of PM and UFPs also varied
with age. Individuals aged 16–20 years showed the lowest
deposition, while those aged 41–60 years exhibited the highest,
as shown in Fig. 4. This variation in PM deposition among the
lobes is attributed to differences in path lengths and lobar
volumes; the lower lobes, having larger volumes, experienced
greater PM deposition, while the smaller volumes of the middle
lobes resulted in lower deposition.22,77,84 Among the particulate
matter types, UFPs less than 100 nm consistently showed the
highest deposition fractions across all ve lobes in the evalu-
ated age groups. The average UFPs less than 100 nm DF for the
LU, LL, RU, RM, and RL lobes were 0.076, 0.19, 0.07, 0.04, and
0.138, respectively, for a density of 2 g cm−3. The average UFPs
more than 100 nm deposition fractions for the LU, LL, RU, RM,
and RL lobes were 0.023, 0.06, 0.02, 0.01, and 0.04, respectively,
for a density of 2 g cm−3. The average UFPs less than 100 nm DF
for the LU, LL, RU, RM, and RL lobes were 0.076, 0.14, 0.03,
0.04, and 0.14, respectively, for a density of 7 g cm−3. The
average UFPsmore than 100 nm deposition fractions for the LU,
LL, RU, RM, and RL lobes were 0.13, 0.45, 0.02, 0.01, and 0.04,
respectively, for a density of 7 g cm−3.

Fig. S5 illustrates the mass deposition of PM2.5 and PM10

from SMAW and WAAM across different lung lobes under
various operating parameters. Across all operating parameters
and welding techniques, the le lower lobe (LL) and right lower
lobe (RL) generally show higher PM deposition than the upper
or middle lobes, as shown in Fig. S5. The right middle lobe (RM)
consistently exhibits the lowest PM deposition. As age increases
from 1G (16–20 years) to 3G (41–60 years), the mass of PM
deposited in all lung lobes tends to increase for both PM2.5 and
PM10, indicating that older individuals are at greater risk of
particulate deposition during welding fume exposure. Higher
ize ranges in various lung lobes for different age groups. (a) Deposition
e ranges: (1) 23 nm, (2) 23 to 100 nm, (3) 100 to 300 nm, and (4) 300 to
dle lobe (RM), right upper lobe (RU), left lower lobe (LL), and left upper
and 3G (41–60 years).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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current in SMAW (from 50 A up to 125 A) leads to an apparent
increase in PM deposition across all lobes for both PM10 and
PM2.5. LL and RL remain predominant areas of deposition at
higher current among the lobes.

WAAM 18 V 65 A shows higher deposition in the lungs
compared to the 25 V 125 A. PM2.5 is more readily deposited in
the lungs than PM10 for both welding methods and their
respective parameters. Fig. S6 and S7 depict the number
deposition of UFPs across four size ranges, sub-23 nm, 23–
100 nm, 100–300 nm, and 300–600 nm, from SMAW and
WAAM in different lung lobes under various operating condi-
tions. The results indicate that, in all lung lobes, particles
smaller than 100 nm deposit in greater numbers than those
larger than 100 nm. Additionally, the older age group (41–60
years) experiences higher particle deposition across lung lobes
compared to the younger group (16–20 years) (Fig. S6). For
SMAW, an increase in current correlates with a rise in particle
deposition in the lung lobes (Fig. S6). In WAAM, deposition is
higher at 18 V 65 A compared to 25 V 125 A (Fig. S7).

3.2.4 Lung retention for PM2.5 from SMAW and WAAM.
The regional lung retention of welding fume particles,
encompassing both deposition and clearance, was assessed
using a one-week simulation comprising six exposure days of 8
hours each, followed by one day without exposure. This eval-
uation was conducted for the average PM2.5 concentrations
from various welding techniques, incorporating their respec-
tive parameters and particle densities, specically for the
21–40 age group (Fig. S8). Deposition was generally greater in
the tracheobronchial region compared to the alveolar region.
However, the tracheobronchial region exhibited more efficient
clearance mechanisms, leading to a rapid decline in retention
during the non-exposure periods. In contrast, the alveolar
region, characterised by slower clearance, showed a gradual
accumulation of retained particles over time. At the end of the
rst and sixth work shis for SMAW at 125 amperes, tracheo-
bronchial retention was 0.06 and 0.045 mg cm−2, respectively,
while alveolar retention measured 1.3 and 8.02 mg. Following
the one-week simulation (including one clearance day),
retention levels decreased to 0.028 mg cm−2 in the tracheo-
bronchial region and 8.01 mg in the alveolar region. The
summarised results are presented here, while detailed reten-
tion proles for different welding techniques and lifetime
exposure scenarios (for 45 years) are provided in the SI (Fig. S8
and S9).
3.3 Health risk assessment

This study investigated the health risks faced by occupational
workers during welding processes in an industrial workshop
within an educational institution. It examined the exposure
index, carcinogenic and non-carcinogenic risks, and the
potential health impacts of UFPs, PM2.5, and PM10 exposure.
The ndings revealed that SMAW at 125 amperes had the
highest exposure index (15.4), signicantly exceeding the levels
observed during SMAW at 100 amperes (13.2). The lowest
exposure index for SMAW was recorded at 50 amperes (3.6) and
75 amperes (6.7). These results indicate that the exposure index
© 2026 The Author(s). Published by the Royal Society of Chemistry
also increases as the current rating increases in SMAW. For
WAAM, the emissions index was highest for 18 volts, 65
amperes (7.2), and minimum for 25 volts 125 amperes (5.02).
These results emphasise that workers in industrial workshops
using different welding techniques experience higher pollutant
exposure, underscoring the need for targeted interventions to
mitigate health risks in such environments. Carcinogenic risks
were evaluated by calculating the ELCR, which ranged from 1.28
× 10−4 to 6.88 × 10−4 (Table S3). These values exceed the
acceptable limits established by both the World Health Orga-
nization (WHO) and the US Environmental Protection Agency
(USEPA). According to WHO (2013),85 the acceptable ELCR
range for humans is between 1 × 10−6 and 1 × 10−5, while
USEPA (2015)65 sets a stricter limit of 1× 10−6. In this study, the
mean ELCR for SMAW across all amperages was 3.4 × 10−4,
surpassing the WHO upper threshold by an order of magnitude
and exceeding the USEPA guideline by two orders of magnitude.
The highest recorded ELCR value (6.89× 10−4) for SMAW at 125
amperes exceeded the USEPA limit by up to two orders of
magnitude. Even the lowest ELCR value (1.29 × 10−4) observed
at 50 amperes exceeded the USEPA acceptable threshold by two
orders of magnitude, highlighting signicant potential health
risks. A comparison of ELCR values across different age groups
indicates that younger individuals (16–20 years) are 25% (Table
S3) more susceptible to cancer risk, as their ELCR values are
signicantly higher than those of older age groups (21 to 60
years). The higher ELCR observed in the 16–20 years age group
is attributed to their lower body weight and inhalation rate,
which serve as inverse functions in the calculation of SF and
LADD used in the calculation of ELCR, within the standard
USEPA risk assessment framework. The ELCR values reported
in this study exceed those documented in previous
research61,63,64,69 on various emission sources, e.g., kitchens.
These ndings highlight the substantial carcinogenic risks
faced by occupational workers, particularly in industrial
settings.

This study also calculated the Hazard Quotient (HQ) for both
PM2.5 and PM10 for different welding techniques used in
industrial welding environments. An HQ > 1 indicates a poten-
tial health concern, while an HQ < 1 suggests no signicant
adverse health effects. The HQ values for PM2.5 ranged from 20
to 88, while for PM10, the values varied from 16 to 81 (Table S3).
These ndings suggest that most welding workshops exhibit
pollutant concentrations exceeding the threshold. The highest
HQ value of 88, recorded in a workshop, was attributed to
ShieldedMetal ArcWelding (SMAW) use at 125 amperes and the
high intensity of welding activities. HQ values for PM2.5 and
PM10 exceeded the safety limit (HQ < 1) across all welding
techniques and parameters, indicating the need for mitigation
strategies to reduce inhalation risks.

Prolonged exposure to elevated PM levels in welding envi-
ronments is associated with both immediate and long-term
health effects, especially cardiovascular and respiratory
diseases. According to WHO (2013),85 PM2.5 is responsible for
approximately 8% of lung cancer deaths, 5% of cardiovascular
diseases, and 3% of respiratory infection fatalities. Numerous
studies64,86,87 show a strong link between PM exposure and
Environ. Sci.: Adv., 2026, 5, 59–77 | 71
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mortality from cardiovascular and respiratory conditions. This
study quantied attributable health risks using ER and AF
metrics for all-cause, cardiopulmonary, and lung cancer
mortality. The ER values for all-cause mortality ranged from
0.95 to 29.2 (Table S3), while AF values ranged from 0.49 to 0.97
(Table S2). These ndings suggest a signicant impact of PM
exposure on workers performing welding in different industrial
settings, which is very high compared to other studies (other
emission sources).

For cardiopulmonary mortality due to PM2.5 exposure, ER
values ranged from 0.90 to 1.66, and AF values ranged from 0.41
to 0.62 for lung cancer mortality. ER values varied from 0.54 to
0.97, and AF values ranged from 0.35 to 0.48 for cardiopulmo-
nary mortality (Table S3). These results indicate signicantly
higher health risks compared to previous studies, such as those
in ref. 88 in Poland and ref. 62 in Nigeria, which reported lower
ER and AF values for lung cancer and cardiopulmonary
mortality.
3.4 Strengths and limitations of the study

This study's strengths include a detailed evaluation of welding
emissions under controlled conditions, covering multiple
welding techniques, parameters, and particle sizes, which
enhances the reliability of the results. While respiratory depo-
sition patterns align with prior modeling studies, we uniquely
advance exposure assessment by systematically incorporating
standardised input parameters—such as breathing rates,
functional residual capacity, height, inhalation rate, activity
levels, and particle characteristics based on established occu-
pational and environmental standards. This methodical and
standardised framework constitutes a novel and signicant
contribution to the exposure assessment of welding-related
particulate matter.

Using precise, instrument-measured data, such as PM
concentrations and UFP size distributions, ensures accuracy
and minimises potential errors in estimates or model para-
meterisation. Additionally, incorporating real-world welding
scenarios and considering factors like current, voltage, and feed
rates provides a comprehensive understanding of exposure
levels. A key strength is the focus on UFPs, for which informa-
tion remains limited compared to the more extensively studied
PM2.5 and PM10. These results reinforce recent calls in the
literature for the comprehensive inclusion of ultrane particles
in workplace air quality guidelines. The notably high deposition
of ne and ultrane particles observed in this study highlights
the critical need to develop and implement exposure limits and
standards explicitly targeting these particle size fractions in
occupational environments, thereby better safeguarding worker
respiratory health. Raising awareness among workers and
facility managers, along with enforcing the use of engineering
controls and personal protective equipment (PPE), is essential
to mitigating these risks. However, the analysis primarily
focuses on idealised particles, assuming spherical shapes and
uniform density, without accounting for the complex chemical
composition of welding fumes. Future research should address
these limitations by incorporating particle composition
72 | Environ. Sci.: Adv., 2026, 5, 59–77
analysis, environmental variability, and clinical investigations
into oxidative stress and inammatory responses associated
with welding fume exposure. Such studies would enhance the
understanding of particle deposition in both the deep lung and
proximal airways, providing a more comprehensive perspective
on the health risks of welding emissions.

4. Conclusion

Assessing PM health risks is more effective through respiratory
tract deposition rather than ambient exposure. This study
analysed PM10, PM2.5, and UFP deposition in the head, TB, and
P regions for SMAW, WAAM, and FSW welding in a central
workshop. It examined dispersion patterns across three male
age groups in an environment replicating real industrial
settings. The study established correlations between deposition
and welding parameters (current, voltage, feed rate, RPM),
providing insights to optimise operating conditions while
reducing human exposure. The results from the MPPD model
indicated higher total DF for PM10 than for PM2.5 and UFPs.
PM2.5 and PM10 primarily accumulated in the head region (35–
90% and 80–99%, respectively), while UFPs showed the highest
deposition in the pulmonary region (sub 23 nm: 53–83%, 23–
100 nm: 28–63%, 100–600 nm: 28–70%). Overall, males of the
21–60 age group exhibited higher total deposition fraction
across all particle sizes, except for PM10 in the teenage group
(16–20). PM10 deposition was highest in the TB region (16–20
age group), peaking at 0.0137 mg (SMAW-125 amperes) and
0.00691 mg (WAAM-18 volts 65 amperes). PM2.5 deposition in
the TB region was highest for the 21–40 age group, peaking at
2.49 × 10−3 mg (SMAW-125 amperes) and 1.67 × 10−3 mg
(WAAM-18 volts 65 amperes). UFP deposition from SMAW,
WAAM, and FSW was higher for particles <100 nm compared to
those in the 100–600 nm range. Lobar deposition analysis
showed that UFP deposition exceeded PM2.5 and PM10, with the
lower lobes receiving the highest deposition, and total deposi-
tion being greater in the le lung than the right. Excess lifetime
cancer risk (1.28 × 10−4 to 6.88 × 10−4) exceeded the USEPA
recommended limit (1 × 10−6) by two orders of magnitude. HQ
values for PM2.5 (20–88) and PM10 (16–81) exceeded one across
all welding settings, indicating a high carcinogenic risk for
workers. Authorities should implement measures to minimise
human exposure to welding emissions in industrial settings by
optimising ventilation systems and ensuring the use of appro-
priate protective equipment. Our ndings also reveal signicant
gaps in current occupational exposure standards, which
predominantly regulate respirable PM but overlook ne and
ultrane particles. This study provides quantitative deposition
and risk data that can inform the development of updated
guidelines and exposure limits, which are essential to better
protect workers from the adverse health effects of particulate
emissions in welding environments.
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