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Abstract

This work presents a systematic literature review of powder-gas jet stream (PGJS) charac-
terisation techniques for coaxial nozzles in the laser directed energy deposition process
(L-DEDp). The analysis includes thirty-four camera-based and four weight-based tech-
niques. In weight-based techniques, the mapping of powder concentration is made by
measuring the powder flow rate in certain areas within the PGJS. Despite being cost-
effective, these methods are time-consuming, invasive, and less suitable for real-time
monitoring. Camera-based techniques use laser light and a camera to capture particle
intensities, allowing for the non-intrusive measurement of powder distribution. Despite its
advantage, limitations are reported in the literature regarding the techniques. Detecting
dense or fine powder flows accurately is challenging. Two-dimensional images cannot fully
represent the jet’s three-dimensional structure, relying on image processing algorithms
for the results. However, the non-existence of a common standard metric for evaluating
and comparing results across various setups is a significant gap, as each characterisation
often needs to be performed on a case-by-case basis. To address these challenges, a basic
reporting structure is suggested to enable a standardised assessment of PGJS measurements,
thereby supporting process control and quality assurance in L-DEDp applications.

Keywords: powder-gas jet stream characterisation; experimental methods; camera-based
monitoring; weight-based monitoring; standardisation; uncertainty; image processing;
powder focus; minimum report set; coaxial nozzles; additive manufacturing

1. Introduction

The laser directed energy deposition process (L-DEDp) is a laser additive manufactur-
ing (LAM) technology. In this process, a laser is used as a thermal source to melt fine metal
powder as it is deposited into a metal substrate [1]. Layers are created by superimposing
single tracks, which produce three-dimensional (3D) structures. The powder is injected
into the laser spot through nozzles specifically designed to align the laser beam with the
metal powder flow [2]. Depending on the design of the nozzle, both speed and direction
of the powder flows change, affecting the stability of the process and the quality of the
deposited layers [3]. The literature categorises the nozzles as either off-axis or coaxial based
on the feed orientation relative to the laser beam, as illustrated in Figure 1.
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(a) (c)

Laser . Powder

Figure 1. Types of nozzles depending on the powder distribution: (a) off-axis powder injection,
(b) discrete coaxial powder and (c) continuous coaxial powder injection (adapted from [3], licensed
under CC BY 4.0).

According to Kumar [3], among the available arrangements, the continuous coaxial
and discrete coaxial nozzle types (see Figure 1b,c) are the most used configurations, as
they have the freedom to deposit the desired structure in any direction of movement of
the substrate or processing head, making them suitable for producing and repairing 3D
parts. In a continuous nozzle design (Figure 1b), the powder exits through a ring-shaped
cavity, forming a hollow powder jet cone that encloses the laser beam. In contrast, a discrete
nozzle design (Figure 1c) has multiple ejectors, or inlays, distributed around the nozzle to
deliver the metal powder to the laser beam.

The powder is mixed with an inert gas, such as argon, inside the powder hopper
before being sent to the nozzle. This gas flow acts as a carrier for the powder particles,
dragging them through the pipes until they exit the nozzle tip [4]. Due to the conical
geometry of coaxial nozzles, when the mixture of powder and gas leaves the tip, it creates
a tapered powder jet that follows a convergent trajectory until it reaches a focal point. The
focus of the nozzle is formed at a certain distance from the tip, known as the ‘stand-off
distance’” (SOD), and is estimated during the nozzle production. This powder jet, also called
the powder-gas jet stream (PGJS) [5], is a key element of L-DEDp, and it is responsible for
introducing the powder metal into the interaction zone with the laser beam, impacting the
process’s quality and stability [6].

Adding shielding gas (SG) at the centre of the nozzle helps prevent oxidation of the
workpiece during the deposition and protects the optical system of the processing head
from possible damage caused by ricocheting heated metal particles [6]. The flow of SG can
also change the PGJS’s behaviour by creating turbulence beneath the nozzle, which alters
the particles’ velocity. A schematic of the PGJS is provided in Figure 2.
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Figure 2. Schematic of the Powder-gas jet stream (author).
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Variations in the powder feeding parameters, including the nozzle type and
geometry [7,8], carrier gas (CG) and SG [9,10], powder type and powder mass flow
(PMF) [11], affect the geometric characteristics of the PGJS by changing the powder focus’s
diameter and location (see Figure 2: stand-off distance), the powder jet symmetry, and the
powder distribution along the PGJS. Currently, measurements are performed by monitoring
the particles along the jet laterally and coaxially using camera-based devices to observe
and calculate the parameters’ effects on the PGJS’s characteristics [6,10]. However, despite
the established methodologies, no benchmarks were found in the available literature that
compare those measurement techniques and analyse the generated powder jet to charac-
terise and qualify the PGJS based on the process parameters, creating solutions that can be
easily transferred from one machine or nozzle to another.

This systematic literature review focuses on the experimental characterisation methods
used to measure the geometric properties of PGJS in L-DEDp. To investigate the state of the
art, an initial database query was conducted to identify publications discussing powder and
gas flow behaviour in laser deposition processes. Subsequently, a series of targeted filters
were applied to gradually refine the focus towards studies that specifically investigate
the experimental measurement techniques for analysing PGJS characteristics. The review
concentrates on works that employ camera-based systems, both lateral and coaxial, as the
primary tool for analysing powder jet geometry in coaxial nozzles.

The primary objective of this review is to critically analyse the available experimental
methodologies for PGJS characterisation, with a focus on identifying their strengths, limita-
tions, and applicability. By consolidating this knowledge, the review aims to support the
future development of standardised measurement protocols, thereby contributing to the
advancement and maturity of L-DEDp technology, both in scientific understanding and
industrial implementation.

2. Methodology

The structure involves selecting databases, constructing search strings, and filtering
to extract the final subset of reports. The included studies were limited to articles and
conference papers, assessed by the authors based on the completeness of experimental
details. Specifically, it was recorded whether the authors provided (i) a clear description of
the setup and (ii) details regarding calibration or validation of measurements. Studies with
insufficient methodological detail were not excluded, but this was noted during synthesis.

The following criteria and methodological considerations guided the review process
and are summarised below:

1. This review was not preregistered, which may introduce selection bias. To mitigate
this, the search strategy, inclusion and exclusion criteria, and screening procedures
were applied systematically and transparently described in this section.

2. The literature search was conducted exclusively in the Scopus database, potentially
limiting the inclusion of relevant studies indexed elsewhere.

3. Publications in English were included, while grey literature and non-peer-reviewed
sources were excluded.

4. Additionally, studies based solely on numerical simulations were omitted unless
experimental validation constituted a primary component.

The selection process, represented in a PRISMA-style flow diagram in Figure 3, pro-
vides a visual summary of the methodology.
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Figure 3. PRISMA-style flow diagram illustrating the literature selection process. Records were
identified from Scopus (n = 612), screened by title and abstract (n = 221 retained), assessed for
eligibility (n = 161), with 52 included that described experimental methods. Non-English and grey
literature was not considered (author).

The systematic literature review began with an extensive search for papers on laser-
based additive manufacturing processes related to gas and powder flow published in the
last 20 years. The Scopus database was used to perform the search, with the following
string: (TTTLE-ABS-KEY((laser W/5 direct W/5 deposit)) OR TITLE-ABS-KEY((laser W/5
metal W/5 deposit)) OR TITLE-ABS-KEY((laser W/5 clad)) OR TITLE-ABS-KEY(laser
W /5 material W/5 deposit) OR TITLE-ABS-KEY(laser W /5 engineer W/5 shape)) AND
TITLE-ABS-KEY (flow W/5 (gas OR powder))) AND PUBYEAR > 2004 AND PUBYEAR
<2026 AND (LIMIT-TO(DOCTYPE, “ar”) OR LIMIT-TO(DOCTYPE, “cp”)) AND (LIMIT-
TO(LANGUAGE, “English”))*, which resulted in a set of 612 documents. The search was
performed on 13 June 2025.

After that, a filtering process was then applied to refine the results, focusing on publi-
cations that addressed specifically the effects of process parameters on the characteristics of
the flow of gases, including numerical modelling, simulation, and experimental investiga-
tion. After this step, 221 documents remained. Figure 4 illustrates the increasing number
of publications per year within this refined set, emphasising the growing importance of
research on powder jet exploration.
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Figure 4. Graphic of the selected publications addressing the effects of process parameters on
characteristics of the flow of gases (author).

From this subset, a second filter was applied to exclude papers involving the use of
lateral nozzles or processes which are not L-DEDp, as these are beyond the objective of this
work, resulting in 161 studies that investigate the influence of process parameters on PGJS
characteristics, specifically for coaxial nozzles used in L-DEDp.

A third filter was applied to remove purely theoretical or numerical studies, including
works that employed experimental setups only for validation. The publications retained at
this stage are those that experimentally explored the effects of process parameters on the
characteristics of the PGJS, aligning with the focus of this review. This left 52 papers
for detailed consideration. Within this group, two primary types of experimental
validation emerged in the literature for measuring PGJS characteristics: optical and
weight-based methods.

The final subset was selected based on studies that used camera-based systems as the
primary experimental method for PGJS characterisation, including 34 reports. Figure 5
shows the number of such publications per year, demonstrating a noticeable increase in
research on this topic over the past five years, highlighting the relevance of this topic.
This selection criterion ensured a focus on image-based diagnostic techniques, including
backlight, vertical and horizontal illumination, as well as lateral and coaxial camera setups,
which are explored in detail in the following sections.
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Figure 5. Graphic of selected publications selected which used camera-based systems as the primary
experimental method for PGJS characterisation (author).
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3. Experimental Characterisation Techniques

The characteristics of PGJS have been described in the literature using different ter-
minologies and definitions. To ensure clarity and consistency throughout this paper, the
following standardised definitions are used, drawing on analogies with optical beam char-
acterisation standards such as ISO 11146 (formerly ASTM E1465) [12], which define beam
widths, caustics, and waist location. As illustrated in Figure 6, the focus diameter (Dy) is
defined as the cross-section with smaller diameter and higher particle concentration within
the PGJS, and may be interpreted either as a second-moment diameter (analogous to the
D4c width in ISO 11146) or as a percent-enclosed diameter (e.g., D86 or 1/e?), depending
on the measurement method. The SOD represents the axial position where the Dy is found,
corresponding to the waist location in beam profiling. The annularity index describes
the ratio between the external and internal areas of the PGJS cross section, with the axial
position where this index approaches zero denoting the intersection zone, analogous to the
collapse of annular beam modes. The caustic slope [(D; — Dy)/Az] quantifies the rate of
change of jet width with distance around the focus, similar to beam divergence determined
from optical caustics; large values indicate rapid convergence and divergence, while small
values indicate gradual variation. Finally, the symmetry index represents the ratio between
the centroid of the PGJS near the nozzle and at the Dy, quantifying offset in a manner
comparable to centroid stability and pointing accuracy in laser beam profiling.
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Figure 6. Schematic representation of the PGJS, including key characteristics (author).

In the literature, two main categories are explored for the experimental characterisation
of PGJS: weight-based and camera-based methods. In weight-based techniques, a scale
coupled with a powder collection device is used to capture the powder particles positioned
at specific locations beneath the nozzle. This setup enables the determination of the spatial
powder distribution along the jet by measuring the PMF. Camera-based techniques, on
the other hand, employ an illumination source to illuminate the powder particles, while a
camera captures the frames. These images are analysed via image processing algorithms to
assess the powder density distribution within the PGJS and determine the characteristics of
the PGJS.

The following subsections discuss specific methodologies and their applicability in
different experimental setups.
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3.1. Weight-Based Methods

These methods assess the spatial distribution of particles on the PGJS by measuring
the mass of powder delivered on the zones of the powder jet with a scale. It is found in the
literature that there are three different weight-based approaches, differing in the strategy to
trap the particles of the PGJS, as shown on Table 1.

Table 1. Overview of weight-based techniques for PGJS characterisation and trapping methods.

Ref.  Measured Parameter Weighting System

Powder Collection Method

Tube connected to open container

Plate with central pinhole

Scale

Cylindrical containers with concentric holes (varied diameters)

A common procedure reported across all studies, before performing the measurement,
involves the calibration of the powder feeder to ensure accurate and stable delivery of
powder to the nozzle. The control of PMF (or powder feed rate) is often linked to the rotation
speed (RPM) of a metering disc within the powder feeder. The calibration procedure
reported by Liu [15] and Tabernero [16] consists of measuring the total mass of powder
injected over a specific period (e.g., 1 min) at various disc rotation speeds. Consequently,
the PMF is calculated as a function of RPM, as shown in Figure 7. The results indicate
a significant linear correlation between PMF and the disc rotation speed, ensuring the
accurate reflection of the injected mass by the programmed powder mass and facilitating
the measurement setup.

The approach reported by Bedenko [13] involves trapping powder with a sharp-edged
tube connected to an open container via a flexible hose, as illustrated in Figure 8. The tube
is centrally aligned with the nozzle exit and remains stationary for a set time (e.g., 1 min)
before being shifted along the z-axis to measure at different distances. The evaluation of
the influence of process parameters on particle collisions and their effect on the PGJS shape
is conducted by moving the tube along the z-axis within the PGJS zone and measuring the
amount of powder captured at each plane.

—®— Four jet exit nozzle
—o— Coaxial nozzle P
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2 g Al
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Figure 7. Powder flow calibration for Inconel 718 powder with coaxial nozzle from [16] and four
jet exit nozzle [15]. Reprinted with permission from ref. [15]. Copyright 2025, with permision
from Elsevier.
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The method is a simple and cost-effective approach for measuring powder flux at
specific planes; however, inserting an intrusive collection device into the flow of particles
disrupts the particles’ natural movement, which can lead to inaccurate or unrepresentative
data. In addition, it lacks spatial and temporal resolution, as it measures the PGJS in
discrete points at specific intervals, rather than providing a continuous profile of the
particle distribution across a given area at a certain time.

Another solution explored by Eisenbarth [14] relies on the use of a plate with a pinhole
to collect the particles. In this technique, the plate acts as a substrate, simulating the real
condition of deposition, deflecting both powder and gas flow. During the measurement,
the processing head is moved above the pinhole, resulting in a portion of PGJS passing
through, as shown in Figure 9. The spatial distribution of the powder jet can be constructed
by measuring multiple lateral offsets in different axial distances.

z

. * . " non-interacting
colliding particles
lhll’lik les

(a) (b)

Figure 8. (a) Scheme of powder focusing; (b) photo of the nozzle output with a tube [13]. Reprinted
with permission from ref. [13]. Copyright 2025, with permision from Elsevier.

This method offers the advantage of measuring the PGJS in the real condition of
movement during the deposition. However, it relies on a time-consuming and position-
dependent sampling to measure the characteristics of the powder jet. For the measurement,
it is necessary to move the processing head numerous times around the pinhole to capture
data from different angles and positions for a comprehensive analysis. This can lead to
increased complexity in data collection and potential variability in results due to changes
in environmental conditions or equipment alignment issues.

Liu [15] and Tabernero [16] evaluated the PGJS by trapping the powder in identical
cylindrical containers with holes of various diameters to assess the powder jet characteris-
tics, as shown in Figure 10 [15]. In this method, the cylinders are placed under the nozzle
exit in different regions of the powder jet, and the spatial powder flow distribution of
particles can be determined by weighing the amount of powder captured in each container.
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Figure 9. Measurement setup: moving processing head with powder jet, plate representing the base
material, measurement of powder through the pinhole by a scale [14]. Reprinted with permission
from ref. [14]. Copyright 2025, with permision from Elsevier.

H: 70 mm; D: 25 mm;
dy: 2 mm; 7 4 mm; dy: 6 mm; dg: 8 mm; ds: 10 mm; dg: 12 m

Figure 10. Cylindrical containers [15]. Reprinted with permission from ref. [15]. Copyright 2025, with
permision from Elsevier.

By calculating the weight difference between powder collected in each container with
different diameters, the amount of powder passing through the holes is measured and the
distribution of particles along the PGJS is estimated. Figure 11 [16] shows a schematic and
experimental diagram of the procedure.
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Figure 11. Experimental measurement system of powder flux [16]. Reprinted with permission from
ref. [16]. Copyright 2025, with permision from Elsevier.

Weight-based methods provide valuable quantitative data using a simple approach
and require minimal equipment. The experimental setup can be validated by integrating
the measured powder values over the study area and comparing this total to the total mass
of powder injected by the feeder [16]. A cross-validation study conducted by Tabernero [16]
reported that the relative error between these measurements was low, ranging from 0.8%
to 12.3%, despite minor discrepancies between the programmed and actual injected mass.
However, the accuracy of the data can be limited, as this intrusive measurement technique
directly interacts with the natural behaviour of the PGJS to collect particles, potentially
altering the flow of particles and gases [17]. Additionally, the representability of the data are
limited because this method depends on nozzles or collecting devices staying stationary at
discrete points for extended periods to gather enough powder for weighting and by the size
and spacing of collective devices, such as cylindrical containers and pinholes. Consequently,
these methods are poor in spatial and temporal resolution, time-consuming, and static
by nature [18]. Therefore, they may not be ideal for applications requiring real-time and
dynamic measurements.

In summary, while weight-based methods are valid for obtaining quantitative data
on powder flow distribution, their static nature, limited spatial resolution, and lack of
capturing real-time dynamics highlight the need for complementary techniques, such
as optical methods, for a more comprehensive sensing of the PGJS. By cross-validating
weight-based measurements with optical data, both accuracy and completeness of PGJS
evaluation can be improved.

3.2. Optical Methods

Optical-based methods, such as digital imaging and analysis, are often used to measure
the PGJS by illuminating the particles of the powder jet and photographing them with a
camera. According to the literature, there are two camera configurations employed for this
method. The first is coaxial, where a camera is mounted coaxially with the nozzle exit to
provide a view along the same axis as the powder stream [19]. The second is lateral, in
which the camera is positioned alongside the nozzle, capturing images of the illuminated
powder jet profile [20].

On both setups, high-speed cameras, equipped with charge-coupled devices (CCDs) or
complementary metal-oxide semiconductor (CMOS) sensors, are employed to capture the
illuminated particles, ensuring high-quality images even when they are moving quickly [17].
Furthermore, the literature explores three types of optical illumination to observe the
particles: area illumination, vertical laser line, and horizontal laser line, as presented
in Table 2.
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Table 2. Overview of camera-based perspectives and illumination types in PGJS studies.
Camera Setup Illumination Type Ref.
Area illumination [9,10,18,21-32]
Lateral Vertical laser line [10,17,20,33-40]
Horizontal laser line [7]* [10,17] ** [20] ** [40] ** [41]
Coaxial Horizontal laser line [18,41-43]

* Camera tilted to observe the illuminated particles from the top; ** camera placed under the nozzle with mirror
reflecting the illuminated particles.

The various experimental setups have been used for the qualitative and quantitative
analysis of the PGJS. The following subsections present a structured review of these tech-
niques, categorised by lateral and coaxial camera configurations and further classified by
the type of illumination adopted in each. Given the diversity of experimental configurations
found across the studies, the classification facilitates understanding the methodological
choices, their findings, advantages, and limitations measured by the PGJS.

3.2.1. Lateral Camera Configuration

In the lateral camera setup, the camera is positioned perpendicular to the illumination
or laterally to the nozzle [20], capturing images of the illuminated PGJS profile. This setup
is widely adopted for its simplicity in capturing a two-dimensional (2D) projection of
the powder particles, enabling a qualitative measurement of the shape of the PGJS [40],
the particle’s velocity and trajectory [38], and powder concentration and distribution [29],
determining key aspects of the PGJS such as SOD and Dy [40]. In some cases, a coaxial
view can be achieved with this setup by using mirrors and filters to capture a different
perspective of the PGJS [17]. The results can vary based on the measurement technique
used, including the illumination type, laser thickness, camera setup, and algorithm. It is
crucial to note these factors. As shown in Table 3, Jardon [10] demonstrated that when
testing the same material under identical setups and configurations, a mere change in the
illumination type resulted in different measurements of SOD and Dy.

Table 3. Comparison of optical methods for reference settings: SG 3.5 L/min, CG 8 L/min, PFR
5 g/min [10].

Method Tested Wavelength Laser Sheet Thickness PSD (um)  SOD (mm) D¢ (mm)
. S LED lamp—No specific 45-105 6.90 1.77
Area illumination wavelength given N/A 15-45 7.21 0.99
. . 45-105 6.99 1.89
Vertical laser line . 15-45 714 0.95
Horirontal Laser | 405 nm Hm 45-105 695 227
orizontal laser line 1545 7 14 114

The following subsections detail the specific illumination strategies employed in
lateral configurations.

Area Illumination

Area illumination techniques utilise a broad light source, typically from LED panels, to
illuminate the powder particles while a front-facing camera captures the overall behaviour
of the PGJS [18]. The technique is often used to determine the velocity of the particles and
trajectory by detecting the metal particle contours and tracking them across successive
frames [18,31]. Furthermore, by analysing the concentration of particles captured by the
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camera, the technique is also suitable to determine characteristics such as SOD and Dy, as
shown in the study conducted by Jardon [10].

To improve the detection of the contour and maximise the contrast of the powder
particles, some lighting arrangements are explored in the literature. One method involves
placing the illumination light equipped with a spherical diffuser behind the powder jet,
also known as backlight illumination, which provides silhouettes of the particles [21], as
shown in Figure 12.

‘q‘ \ Diffuser Panel
F ' '- i/

TRUMPF TruLaser Cell 3000
3-Jet Nozzle ’ 3

)
Constellation 120E LED
Mesh Powd;:} D;ffuscr - ey

1 mm

Figure 12. High-speed imaging and lighting hardware to back-illuminate the particle stream [21].
Reprinted with permission from ref. [21]. Copyright 2025, with permision from Elsevier.

The image processing involves several steps, where the particles are isolated and the
characteristics of the PGJS can be further analysed. Most of the images are recorded in
greyscale, where each pixel’s value corresponds to reflection intensity, where 0 indicates
the lower intensity and 255 the highest, making them suitable for subsequent processing
steps [10].

Once the images are captured, elements such as background, nozzle tip, and blurry
particles are subtracted by applying a contour enhancement technique to the particles
and filtering out pixels with values below a specific threshold to separate the powder
jet from the background [10,21]. A particle concentration map (pixel intensity map) is
created through the averaging of numerous processing images, facilitating the extraction
of intensity curves from the resultant image. An illustrative example of this process,
demonstrated by Ancalmo [21], is depicted in Figure 13, showcasing a practical application
of the described image processing steps.

To determine the characteristics of the PGJS, a common technique involves using the
pixel intensities at each horizontal and vertical position within the image. This process
helps generate intensity profiles that represent particle concentration in different regions of
the powder jet.

In the study conducted by Jardon [10], intensity profiles were extracted from horizontal
lines at different vertical positions in the processed image. These profiles were used to
measure parameters like the SOD and the D;. The SOD represents the height along the
powder jet where the maximum peak value of the horizontal Gaussian intensity profiles
occurs, while the Dy is the minimum width of the particle cone containing 86% of the total
particles at that SOD. Figure 14 [10] visually explains the process: the left image displays
coloured pixel lines at five heights of the PGJS in the processed image; the central image
shows the intensity profiles for each pixel line; and the right image illustrates the extraction
of the SOD and D.
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Figure 13. Particle stream images were captured at 14.4 kHz, background subtracted, binarised, and
summed across all frames to generate a particle stream distribution. The particle stream diameter
was measured 12 mm below the nozzle [21]. Reprinted with permission from ref. [21]. Copyright
2025, with permision from Elsevier.
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Figure 14. Scan of post-processed image (left), relative pixel intensity profile at 5 heights (50, 100, 150,
200 and 250 pixels) under the nozzle represented by the colours on the post-processed image (middle),
extraction of SOD (right) [10] (illumination: LED lamp, camera type: Photron SA1.1 high-speed
camera). Reprinted with permission from ref. [10]. Copyright 2025, with permision from Elsevier.

Lopez-Martinez [26] explores a different approach of capturing images of the powder
jet using intense light against a black background. This study utilises the Edge Identification
Algorithm (EIA) to extract the boundary curves of the PGJS, as shown in Figure 15, provid-
ing details into the powder jet’s shape. The method provides a qualitative visualisation of
the powder jet and compares it quantitatively with computational methods, analysing the
stream shape, convergence location, and powder focus [26].

Another option explored by Garcia-Moreno [31], Warneke [23] and Jing [22] involves
the use of one or more strong LED light sources to illuminate the whole powder flow field.
This technique is explored in literature specifically for measuring the velocity and trajectory
of the particles. Particles are tracked frame-by-frame, and measurements of their motion are
obtained using algorithms such as the Kalman filter and Particle Image Velocimetry (PIV).
These methods enable the calculation of individual particle paths as well as the overall flow
behaviour, providing information about the PGJS’s dynamics in various process conditions.
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(c)

Figure 15. Image processing steps for edge identification. (a) Digital image of powder stream from
the nozzle tip. (b) Once powder stream profile has been identified and the image is eroded, this
image is obtained. (c). The complement of image (b) is obtained to separate powder stream profile
and subsequently convert from pixel to mm for analysis [26] (illumination: not specified, camera
type: Canon EOS Rebel T3 digital camera). Reprinted with permission from ref. [26]. Copyright 2025,

with permision from Elsevier.

In general, area illumination techniques enable the measurement without physically
disturbing the overall flow of particles and gases [10,21]. Spatial characteristics of the
powder jet, such as shape, convergence location and diameter, are clearly visualised through
the technique, as shown by Lopez-Martinez [26] in his study. However, there are several
limitations are associated with this technique due to the simplicity of illuminating the entire
PGJS. Since the powder jet is uniformly illuminated, it restricts layer-by-layer analysis,
potentially hiding smaller details and simplifying the identification of jet characteristics.
For example, the illuminated area becomes broader at the convergence zone, where particle
interaction is most intense, which makes edge detection difficult and leads to slightly
overestimated experimental values for convergence diameter and distance [26].

In addition, when smaller particles (15-45 pum) are used, the images tend to be darker
and have a lower signal-to-noise ratio because there are fewer pixels per particle. The use of
small particles for PGJS measurements creates a necessity for higher frame rates and shorter
exposure times to increase the contrast between the background and powder jet. This also
leads to an increase in computational load and complexity to eliminate blurred particles
outside the focal plane [10]. To address these limitations and provide more detailed and
localised information about the PGJS, alternative illumination strategies have been explored
in the literature, and these strategies are covered in the following sections of this work.

Vertical Laser Line Illumination

In this method, a vertical laser line is used to illuminate thin slices of the PGJS, while
a camera positioned perpendicularly to the illumination captures its illuminated layers.
Based on the intensity of light reflected by the vertical layers, the particle concentration
can be extracted based on the pixel values of the images, and it is possible to obtain a
representative visualisation of the cross-sections [10]. A schematic of the setup is illustrated
in Figure 16 [33].



Processes 2025, 13, 2995

15 of 45

Nozzle

Laser %

CEE) Camera

Figure 16. Scheme of experimental diagnostics of PGJS using vertical laser line [33]. Reprinted with
permission from ref. [33]. Copyright 2025, with permision from Elsevier.

The laser beam directed through a structured light projector [20] or a cylindrical
lens [33,36,37] to produce a narrow, evenly distributed sheet of light that covers its illumi-
nated surface uniformly [9]. The laser sources reported in the literature cover a range of
visible wavelengths, from blue-violet (405 nm) to red (660 nm). Knowing the illumination
wavelength is fundamental for the measurement process, as it allows for the selection
of appropriate optical filters that are tuned to that specific wavelength. As documented
by Hildinger et al. [44], these filters help attenuate external emissions outside the chosen
narrow wavelength range while allowing the reflected illumination light from the powder
particles to reach the camera, isolating the powder from the background. Furthermore, the
selection of the wavelength considers the sensitivity of the camera chip, which is typically
calibrated for the visible spectrum [44]. Table 4 provides a comprehensive overview of the
types of lasers, their corresponding wavelengths, laser thicknesses, and the cameras that
were used in the studies.

Table 4. Laser wavelength and thickness, and cameras used in vertical laser line illumination.

Ref. Laser Type Wavelength (nm) Laser Thickness Camera Type

[17] Red laser 650 200 um CCD high-speed camera

[20] Red laser 660 200 pm Digital camera

[10] Blue-violet laser 405 50 um High-speed camera

[33] * * 200 pm CCD high-speed camera

[34] Blue laser 447 1.93 mm High-speed camera

[35] Blue laser 405 20 um CMOS high-speed camera

[36] * * 500 um CMOS high-speed camera

[37] * * * High-speed camera

[38] Green laser 532 4000 pum Digital camera

[40] Green laser 532 200 um CCD high-speed camera

[44] Blue laser 450 * CMOS high-speed camera
* Not specified.

Authors such as Zekovic et al. [20] and Ferreira et al. [17] reported the use of red lasers
(650-660 nm) to record the PGJS in their studies. The objective with this illumination in
both studies is to determine the shape and structure of the PGJS, exploring the velocity
and trajectory of the particles. Both studies analyse materials with similar densities and
particle size distributions (PSD): H13 (7.8 g/ cm?) ranging from 53 to 150 um in [20] and
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IN718 (8.19 g/ cmd) ranging from 51 to 109 um in [17]. In each study, the creation of a
focal region where the powder jet consolidates, increasing the particle concentration, and
the existence of a converging PGJS along the central axis are identified. They also agree
that the shape, convergence, and stability of the PGJS are strongly influenced by the gas
flow rates and nozzle geometry. Both also show that particle behaviour is non-uniform
and affected by factors such as PSD, collisions, and interactions with gas flows, impacting
powder efficiency and deposition accuracy.

It is noteworthy that both studies employ distinct contrast enhancement methods,
demonstrating the diversity in approaches. Specifically, Zekovic et al. [20] use a black
background to distinguish laser-illuminated particles from the background, whereas
Ferreira et al. [17] employ filters fixed to the camera.

In the studies conducted by Balu et al. [40] and Katinas et al. [38], green lasers are
employed to illuminate the PGJS and characterise its shape, concentration, and velocity.
Both works investigate powder flow from similar coaxial discrete nozzles, using powders
with comparable PSD (50-150 um), though differing in density: [40] focuses on a nickel and
tungsten carbide composite, while [38] examines H13 tool steel. The thickness of the laser
sheet used by Balu [40] is 200 um, while Katinas [38] identifies the type of laser but does
not specifically mention its thickness. However, the author mentions an “effective laser
sheet thickness of 4 mm” in respect to the illuminated jet volume, implying a wider region
of particle reflection that the camera was able to capture but a thinner actual sheet width.

Both studies analyse the horizontal distribution of the PGJS using different methods.
Katinas et al. [38] apply a numerical model to examine particles in horizontal cross-sections,
while Balu et al. [40] obtain horizontal profiles through a physical setup involving a hori-
zontal laser sheet and a camera placed underneath the nozzle (detailed in the following
subsection). Despite these methodological differences, the studies report consistent findings
regarding the convergence behaviour and concentration profile of the PGJS. Specifically,
both observe that the powder stream initially diverges after exiting the nozzle, then con-
verges to a focal point of maximum concentration, before diverging again, resulting in a
Gaussian distribution of powder concentration like in the previous studies discussed.

On the other hand, studies from Jardon et al. [10], Platz et al. [35], and Kim and
Park [34] report the use of blue-violet laser light (405-447 nm) to measure the PGJS. These
three investigations focus on the flow characteristics of stainless-steel metallic powders,
specifically 316L and 17—4 PH grades, while exploring different PSDs and powder grades.
The methodology used by both Jardon et al. [10] and Kim and Park [34] utilises a fixed
vertical line laser for observation, while Platz et al. [35] employ a commercially available
measurement system, PowderSpy from Ponticom GmbH. This system uses a 30 mm
linear stage to move the laser, capturing images of the powder jet with a camera for
subsequent analysis.

The focus of Kim's [34] study emphasises the effects of the nozzle tip on the powder jet,
whereas Jardon et al. [10] and Platz et al. [35] examine the influence of process parameters
on the powder jet characteristics with a similar continuous coaxial nozzle. Both studies
agree that increasing PMF generally leads to a larger D;. However, their findings diverge
on the effects of SG and CG: Jardon et al. [10] report a slight increase in D¢ with higher SG
and a decrease in SOD with increased CG, whereas Platz et al. [35] find no significant effect
of SG on diameter and observe that higher CG reduces the D¢ and results in more uniform
focus positions.

These contrasting results may be influenced by various factors as discussed in liter-
ature, such as the nozzle model, material properties (density, PSD, sphericity), and the
measurement technique employed. Specifically, Jardon et al. [10] use a fixed vertical laser
line for illumination, while Platz et al. [35] employ a laser moved along a linear stage.
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As of this date, there are no benchmarks in the available literature that compare those
measurement techniques and analyse the generated powder jet to create a standard met-
ric for qualification of the PGJS; determining which method offers the most accurate or
representative characterisation remains a persistent challenge.

Compared to backlight imaging techniques, vertical laser sheet illumination requires
less post-processing, as it captures particles within a single plane and eliminates the need to
filter out-of-focus particles [10]. Despite its advantages and widespread use for visualising
the PGJS, offering a clear 2D cross-section of the particle distribution [20,38] and enabling
the reconstruction of the powder caustic profile (i.e., shape and spread) [17], vertical laser
line illumination still has limitations in achieving fully 3D characterisation. Since this
method directly depends on the single vertical cross-section, only the particles interacting
with the sheet are captured, as illustrated in Figure 17 [10].

SS 316L SS 316L
45-106pm 15-45um

Figure 17. Front view raw images vertical laser sheet illumination (top), average front view images
(bottom) [10] (wavelength: 405 nm, sheet thickness: 50 pm, camera type: Basler camera acA720-540uc
colour). Reprinted with permission from ref. [10]. Copyright 2025, with permision from Elsevier.

An alternative to overcome this challenge is addressed by Platz et al. [35], in which the
laser is moved along a linear stage to sequentially illuminate the entire PGJS volume. This
method still requires post-processing for reconstructing the horizontal profiles and assumes
consistent particle behaviour across slices. Furthermore, the thickness of the laser sheet is
crucial, as it determines the number of particles illuminated in each plane. The inclusion
of particles slightly outside the desired cross-section may blur the actual concentration
contours when using a thicker sheet [20,38]. Moreover, selecting the appropriate camera
and ensuring its capability to detect powder reflectivity at the chosen laser wavelength
can significantly affect image quality, necessitating precise adjustments to exposure time
and analogue gain to prevent overexposure or underexposure. These factors collectively

limit the technique to a single case, making it a challenge for a general characterisation of
the PGJS.
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Horizontal Laser Line Illumination

In this method, a laser line is mounted laterally to illuminate the horizontal cross-
sections of the PGJS at various axial distances [17], while a camera captures images of the
illuminated particles. The primary distinction noted in the literature between studies using
this setup lies in the mechanism for viewing the PGJS cross-section. In one case, a mirror
positioned at a 45° angle between the camera and nozzle exit is used to capture a “coaxial”
view of the powder jet. The alternative approach employs a camera that directly views the
horizontal laser sheet as it passes through the powder jet, without an intermediate mirror.
Table 5 summarises these different approaches along with their key setup details.

Table 5. Experimental setups for horizontal laser line illumination.

Laser

Camera Position/ Laser
Viewing Angle Ref. Wavelength Thickness Camera Type Key Output
(nm)
[20] 660 Digi tal camera Horizontal cross—sectilons,
powder concentration
_ Horizontal cross-sections,
Reflection from 45 [40] 658 200 um CCD camera max concentration spot and D
mirror below nozzle
Horizontal cross-sections, Dy,
[17] 450 CCD camera SOD, powder density
distribution
In front of nozzle,
directly views [10] 405 50 pm CMOS camera PGJS shape, SOD and D¢
horizontal sheet
Lateral to nozzle,
directly views [71 650 150 pm CCD camera PG]JS shape, SOD and Dy
horizontal sheet
Positioned at 90° Particle velocity, powder
relative to illuminating [41] 520 400 um CMOS camera VP

laser beam

density distribution and Dy

Utilising a 45° mirror provides a direct observation of how the powder concentration
spreads at a given height in the PGJS [17,20], facilitating the capture of clear cross-sections,
as illustrated in Figure 18 [17]. Authors such as Zekovic et al. (2007) [20], Balu et al.
(2012) [40], and Ferreira et al. (2020) [17] used a 200 um thick laser sheet to illuminate
horizontal slices of the PGJS. This process involved capturing images at various axial
distances to reconstruct the 3D shape of the powder jet accurately and analysing the
powder concentration by examining the pixel grey levels in the images.

The image processing in these studies follows a similar strategy: to improve clarity
and reduce the noise, multiple images are taken at each axial distance and stacked. A
brightness threshold is then applied to eliminate reflections and light artefacts from the
coaxial observation. The intensity of the illuminated particles in the processed images is
directly proportional to powder concentration, which is used to identify the characteristics
of the PGJS.
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Figure 18. Schematic of the combined (lateral + coaxial) observation of the PGJS [17] (licensed under
CC BY 4.0).

A common factor reported in the studies by the three authors is that near the nozzle
exit, the powder jet exhibited an annular shape, which converged into a Gaussian profile
as it approached the focal plane. A technique developed by Ferreira et al. (2020) [17]
to quantify the Dy, uses circles corresponding to 1% and 86% (1/e?) of the maximum in-
tensity to represent the inner and outer boundaries of the cross-section. This method
was systematically applied across axial distances ranging from 0.5 mm to 17 mm in
0.5 mm increments. This approach facilitated the reconstruction of the powder stream
caustic, including its shape and convergence, as shown in Figure 19 [17].
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Figure 19. PGJS caustic analysis from lateral and coaxial view. Brightness measurements are taken
from coaxial perspective to determine the internal powder stream structure (corresponding to 1% of
the particles) within the blue circle, and the external powder stream structure (corresponding to 86%
of the particles) within the red circle [17] (licensed under CC BY 4.0).

Compared to other lateral techniques, this approach offers the advantage of a coaxial
view of the powder jet’s horizontal cross-section, simplifying the acquisition of planar
concentration and geometry data [19]. However, it introduces mechanical complexity,
including the need for precise alignment between the mirror, nozzle, and camera, as well
as requiring protection against contamination and damage.
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Other studies capture the horizontal laser sheet directly with a camera positioned
laterally or in front of the nozzle, without intermediate reflection. Unlike the previous
method, this approach is reported in the literature by different laser thicknesses and setups,
as follows:

e Jardonetal. (2020) [10] used a 405 nm, 50 pm thick laser line, with a camera positioned
in front of the nozzle. By varying the nozzle’s vertical position to scan the full powder
cone and taking multiple images of the slices, the PGJS is reconstructed and the Dy
is calculated based on the intensity/concentration curves extracted from the image
at different axial distances (see Figure 20, top left panel), and their local maxima (see
Figure 20, top middle panel) are used for the shape reconstruction (see Figure 20, top

right and bottom panels).
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Figure 20. Superposed front view (top left panel), local maxima of Gaussian fits (top middle panel),
axial distance definition (top right panel), relative pixel intensity curves (bottom panel), where the
colours represent the axial distance from the nozzle outlet [10] (wavelength: 405 nm, sheet thickness:
50 um, camera type: Basler camera acA720-540uc monochrome). Reprinted with permission from
ref. [10]. Copyright 2025, with permision from Elsevier.

e Bohlen et al. (2022) illuminated the powder with a 650-655 nm, 150 pm laser line,
using a CCD camera mounted laterally with an inclination angle, as illustrated in
Figure 21 [7].

shielding gas

inclination / nozzle

angle
powder
/ nozzle
illumination
laser line

powder
CCD-camera T s

Figure 21. Experimental setup of lateral observation of the PGJS using a tilted camera [7] (licensed
under CC BY 4.0).
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e  The author developed a method involving image stacking and intensity analysis in
concentric circles to create a radial-symmetric powder distribution profile, like the one
presented by Ferreira et al. (2020) [17]. The Dy is calculated as 14% of the maximum
intensity measured within these circles, like the D86 method used in laser beam
measurements. Furthermore, the intersection zone, where powder streams begin to
merge, is identified by analysing the mean coefficient of variation (standard deviation
divided by mean value) for these concentric circles, noting where this value decreases
to a steady level within the smallest powder diameter region of interest.

e Pangetal. (2025) [41] employed a 520 nm laser line (0.4 mm width) and positioned
the camera at 90° to the laser beam, rotating the laser-camera assembly around the
nozzle axis to assess stream uniformity in different lateral sections. The experimental
setup is illustrated in Figure 22.

(a) (b)

Figure 22. Experimental setup for powder flow measurement: (a) schematic drawing, and (b) photo
of the measurement setup [41] (licensed under CC BY 4.0).

e  The captured images are then converted to greyscale, with the luminosity of pixels
considered directly proportional to the relative density of powder particles. To deter-
mine the SOD, the greyscale values along the Z-axis (longitudinal profile) are analysed,
and a Gaussian model is fitted to the data. The Z-coordinate of the highest point
of this fitted curve is identified as the SOD. Subsequently, for measuring the Dy, the
greyscale values along the x-direction (transverse profile) are plotted and fitted, with
the boundary of the powder spot precisely defined as the point where the greyscale
value drops to 1/e? of the maximum value on the fitted curve.

Despite its advantages in simplicity and no mechanical interference during measure-
ment, it lacks the ability to obtain a true “coaxial” (XY) view or a complete 3D representation
of the powder stream using a side-view camera perspective. It is necessary to capture
multiple images at various axial distances and then process and computationally recon-
struct them. Jardon et al. (2020) [10] highlight that this reconstruction process “significantly
increases processing time” and is “computationally expensive in terms of data storage and
post-processing.”

3.2.2. Coaxial Camera Configuration

In the coaxial design, a camera is mounted coaxially with the powder nozzle to provide
a view along the same axis of the PGJS [19]. The laser light is directed across the powder
flow, illuminating the horizontal cross-sections of the jet and enabling the camera to observe
the particles. By measuring the particle density distribution on multiple horizontal layers
of the PGJS, both qualitative visualisation of the overall flow behaviour and quantitative
measurement of critical parameters are offered [42]. The literature describes two configura-
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tions for measuring the PGJS characteristics, classified as offline and online processing, as
presented in Table 6.

Table 6. Experimental setups for coaxial camera configuration.

Monitoring Laser Wave-
Ref. System length/Thickness Camera Propose/Outcome
Quantitative determination of particle number
Offline CMOS and position
[19,43] (Powder Jet 810 nm/0.26 mm hi Statistical /numerical model for PDD,
. igh-speed . .
Monitor) trajectories, gas/powder flow
Analyse PDD and jet diameters
Online CMOS Real-time monitoring during deposition
[42,44] (Image-based 450 nm/Not stated Detect inhomogeneities and deviations
) camera . .
coaxial) Correlates greyscale with mass flow (g/min)

For offline characterisation, a laser-light sectioning method is employed, which was
developed and patented by the Fraunhofer Institute for Laser Technology ILT. This tech-
nique involves illuminating the PGJS laterally with a horizontal laser light (wavelength
of 810 nm) while a high-speed CMOS camera, positioned coaxially to the powder nozzle,
captures images of the cross-sections. The system enables measurement of the number
and position of powder particles level by level. The image processing technique described
and used by Schopphoven et al. (2020) [19] and Brucki et al. (2023) [43] to visualise the
powder distribution involves capturing and superimposing 3000 individual images per
level, with greyscale values ranging from 0 to 255, revealing the PGJS annular distribution.
A schematic of the system is provided in Figure 23 [43].

Figure 23. Powder Gas Jet Analysis. Left: Schematic representation of the powder jet monitor; Right:
1000 Superimposed images, each of powder jet measurements taken from (a—i) at different axial
distances from the nozzle tip; 1: high-speed camera; 2: focusing optics; 3: nozzle mount and linear
axle; 4: powder feed nozzle; 5: illumination laser; 6: powder-gas jet; 7: powder collection container;
8: calculated powder—gas jet focus level [43] (wavelength: 810 nm, sheet thickness: 260 um, camera
type: Mikrotron GmbH MC 1362 high-sensitivity) (licensed under CC BY 4.0).
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For online process monitoring of the PGJS, Hildinger [41,43] describes the implemen-
tation of another coaxial system to detect deviations on the PGJS in real time. The system
detects the powder jet under the nozzle and calculates the average greyscale values of
particles within it, comparing them with a powder mass flow monitor at the same time.
An initial gravimetric calibration is required to correlate PMF with cumulative greyscale
values using fixed camera settings, achieving a strong linear relationship (R? = 0.998) as
reported by the author and illustrated in Figure 24 [41]. Recalibration becomes necessary if
significant variations in powder material, laser parameters, or PMF occur, as these factors
influence particle brightness or risk camera overexposure.
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Figure 24. Linear regression (dotted line) for the cumulative greyscale value and gravimetrically
determined PMF [42] (licensed under CC BY 4.0).

A primary challenge reported by the author to doing it, is maintaining a high contrast
between the powder particles and the bright background radiation from the processing
laser and melt pool. To overcome this challenge, the powder particles are illuminated by a
laterally mounted line laser at a 450 nm wavelength, selected for its low optical process
emissions as confirmed by spectroscopy. The back-reflected light from the powder particles
is captured by the camera, which is equipped with three stacked 450 nm narrow-band
bandpass filters (full width at the half maximum (FWHM) £ 10 nm), to attenuate the
melt pool radiation and block other wavelengths. These filters, with an optical density
greater than 5 outside the central wavelength, block over 99% of unwanted visible spectrum
radiation, ensuring clear differentiation between reflective powder particles, background
and melt pool illumination [44]. While optical filtering is central to managing process
emissions, specific strategies for window contamination management in the optical system
are not detailed, with particle adhesion challenges primarily affecting the nozzle rather
than the camera window. This optical setup facilitates the monitoring of individual jets, as
illustrated in Figure 25.

Although this method provides a quantitative determination of the number and
position of particles within the PGJS, mapping the powder density distribution and creating
an explicit representation of the powder jet, particle—particle shading at higher densities can
distort the measured particle count, limiting accuracy at certain levels [19]. Furthermore,
the complexity of implementing a coaxial system is significantly higher and more costly
compared to other techniques, due to the need for specific optical filtering and precise
camera adjustments to achieve sufficient contrast [42,44], as well as the expense of installing
the system within the machine. These specific requirements result in a solution that is
typically limited to a single machine, either as a stand-alone system or as an expensive
installation with high costs associated with cameras, lasers, and filters.
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Figure 25. Experimental setup with lateral positioned line laser and coaxially integrated camera [44]
(licensed under CC BY 4.0).

3.3. Commercial Equipments

The range of commercial systems available for measuring PGJSs is relatively limited
and is dominated by camera-based technologies. This section provides an overview of
these systems, based on the available literature, to highlight their configurations and the
image processing methods they utilise.

PowderSpy from Ponticon [45], shown in Figure 26, is a portable system designed for
measuring and analysing PGJS, offering flexible and efficient measurement capabilities. No
installation on the machine is needed for the equipment, which utilises a lateral camera
configuration with a 20 um wide vertical line illumination laser operating at a 405 nm
wavelength to illuminate the powder particles. The laser is mounted on top of a linear axis
inside the device, and during the measurement, the laser line moves along a predetermined
spatial direction while a CMOS camera captures images of the illuminated particles for
processing by the image processing algorithm.

Figure 26. PowderSpy hardware aligned with powder nozzle [45].
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After the measurement is completed, an intensity map is created based on the powder
density captured within the PGJS, which is then used to calculate the SOD and Dy¢. Accord-
ing to the report in [46], a 1D 86% algorithm is employed to determine these characteristics.
Although not described in detail in the literature, this technique is commonly used for
calculating laser caustics, where the region containing the highest 86% intensity is used to
specify the focal point’s characteristics. Section 4.2 of this review discusses this technique
further. By integrating these calculations, the PGJS geometry image is produced along with
cross-sectional views of the powder jet. An example of the PGJS profile and cross-section is
illustrated in Figure 27.

.

z=13.09 mm x=-0.09mm y=0.03mm

Figure 27. PGJS PowderSpy output: cross-section region and powder jet profile [46].

Similarly, the LIsec system developed by Fraunhofer IWS [47] also features a lateral
configuration, with an integrated vertical laser line illumination of 50 pm width and a
camera. Unlike the previous system, the camera and laser move together along the linear
axis on the system’s base, as shown in Figure 28.

Figure 28. LIsec hardware aligned with powder nozzle [47].

By scanning the area beneath the nozzle, powder density distributions are measured
through brightness intensities using image processing algorithms, and the planes are
analysed to reconstruct the PGJS. By examining the distribution of particles in the powder
jet, information such as the powder beam’s homogeneity and symmetry can be extracted
and used to visualise the powder focus extension and cross sections, as illustrated in
Figure 29. No further information was found in the literature regarding the algorithm
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employed, nor about the application of the system for qualifying PGJS from different
nozzles under varying processing conditions to assess and report on the system’s properties
and sensitivity in identifying variations in the PGJS.

Figure 29. PGJS Llsec output, shape and cross section from (a) intact nozzle, (b) nozzle after collision,
and (c) intact nozzle with internal clogging [47].

A comparison between both systems is provided in Table 7.

Table 7. PowderSpy and Llsec comparison.

Equipment  Scanning Strategy Reported Metrics Portability Control
PowderSpy . Camera Standalone Browse—basgd (requ%res no
Fixed/Laser moves  pgwder Distribution software installation)
in X-, Y-, and Z-axis Manually by the user or via
Lisec Laser and Camera SOD Standalone or Message Queuing Telemetry
move together Dy Machine Integrated = Transport (MQTT) interface of

the Llsec software (version 2.13)

PowderSpy relies on a fixed setup and browser-based interface to provide spatial
distribution of the PGJS, offering portability and straightforward deployment. In contrast,
LIsec employs a co-moving scanning strategy that allows machine integration, enabling
manual or software control, which facilitates process integration. Despite these strengths,
the absence of open benchmarking remains a significant gap for standardisation. Without a
common framework defining test conditions, evaluation metrics, algorithms, and reporting
practices, direct performance comparison between such systems remains limited. This
emphasises the need for transparent and standardised evaluation methods that support
robust performance assessments.

Another commercial option already mentioned in this paper is the coaxial system
developed and patented by Fraunhofer ILT [48]. This system utilises a laser light-sectioning
method supported by an analytical instrument as illustrated in Figure 23. This approach
enables measurement of the powder particle density distribution across various grain frac-
tions, powder mass flows, and CG and SG settings. According to Schopphoven et al. [19],
the image processing system works by superimposing thousands of individual images.
This process enables the observation of shape variation at various axial distances from the
nozzle tip. The collected data facilitate the approximation of powder particle velocities and
the development of statistical models for particle trajectories and density distributions. This
includes determining the powder density distribution and particle diameters per plane, as
well as the spatial position and propagation of the PGJS focus.

Despite the availability of these commercial systems and measurement devices, no
documents were found in the literature that directly compare or comprehensively assess
their performance and capabilities. Furthermore, there remains a significant gap due to
the absence of an established standard metric or methodology to consistently perform and



Processes 2025, 13, 2995

27 of 45

evaluate these measurements. Addressing these gaps can lead to advancing the reliable
qualification and characterisation of PGJS monitoring systems.

4. Discussion and Future Direction
4.1. Synthesis and Interpretation—Weight-Based Methods

The studies found in the literature for measuring the characteristics of the PGJS by
weight-based methods involve common steps, from experimental data acquisition to the
identification of characteristics of the powder jet and parameter estimation. The core of the
principle involves measuring the powder mass passing through a small aperture at various
spatial positions of the powder jet, both axial and radial, and using these measurements to
reconstruct the powder distribution across the PGJS.

To collect the powder, the nozzle is positioned on top of the measurement equipment,
which typically consists of either a plate with a central pinhole [14] or a set of cylindrical
containers with concentric holes [15,16], with a precision scale underneath to measure the
powder passing through. The distance between the nozzle and the measurement plane is
precisely adjustable, and the measurement is performed at multiple vertical and horizontal
distances to capture the 3D behaviour of the PGJS [14]. To ensure the data reliability, the
powder mass flow rate needs to be calibrated, and the coordinates where the collection
equipment is placed must be known, as the method depends on the mass flow of powder
collected over a recorded set of times in each position of the jet.

To estimate the parameters of the powder jet, such as SOD, D¢, and symmetry, the
powder flow density at each measured plane is combined to create a volumetric dataset and
fitted to a statistical distribution model, such as the Gaussian curve [14]. The visualisation
of the powder flow density throughout the PGJS is obtained by plotting the slices from the
volumetric dataset, showing the intensity distribution of the particles at each vertical and
horizontal position and how the powder jet behaves at each. This allows observation of
distinct concentration zones, such as annular (see Figure 30a,b), transition (see Figure 30c),
and Gaussian zones (see Figure 30d) [15,16].
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Figure 30. Powder distribution profiles measured from the nozzle outlet at planes located at
(a) 8 mm, (b) 5 mm, (c) 1 mm, and (d) focal plane (0 mm) [16]. Reprinted with permission from
ref. [16]. Copyright 2025, with permision from Elsevier.
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Based on the volumetric distribution and the properties of the fitted Gaussian curve,
the intersection zone is determined as the narrowest area of the powder jet, indicating also
that the powder catchment of the container is maximised. The Dy is determined as the
diameter size at the SOD position. By assessing and evaluating visually the fitted Gaus-
sian distribution, it is possible to detect non-uniformities and off-centre alignment of the
powder jet, which indicate irregular accumulation of powder in a specific region [14]. Also,
experimental observation of the powder distribution that does not conform to the expected
Gaussian or annular profiles in specific zones indicates a breakdown of proportionality [15].

The method proves to be a suitable alternative to optical techniques when operating
at high powder flow rates, ranging between 50 and 100 g/min, as reported by Bedenk [13].
The author reports that, under these conditions, particle tracks become indistinguishable in
optical images due to particle overlap and merging, rendering automatic image processing
unfeasible. This dense overlapping behaviour limits the effectiveness of optical meth-
ods that depend on tracking individual particles and highlights the benefit of integrated
approaches like powder collection and optical [13].

Quantitative data of the PGJS can be obtained using this method; however, the liter-
ature reports the uncertainties and complications associated with it. As an example, the
synchronisation between time and position can be challenging at industrial CNC machines,
as they are not always coupled with measurement systems, requiring external sensors for
the data collection and specific algorithms for data correlation [14].

The accuracy of high-precision scales can also be compromised when the measurement
is performed dynamically. The design of the powder collection systems also introduces
challenges for the measurement procedure. The actual effective area of a pinhole that is used
for powder collection is smaller than its geometric area due to the particle rebound effect
at the edges, requiring some adjustments for accuracy calculations [14]. Additionally, the
design of the collection system, including sharp edges and a flexible connection to an open
container, is essential to minimise airflow disturbance and prevent particle losses. Using
a closed container or excessively long tubing can cause pressure buildup, significantly
reducing the amount of powder collected [15,16].

Furthermore, different powder materials can exhibit different flow distributions even
with identical input variables, due to variations in surface tension, density, and other pow-
der properties. This influences the development of a broad, material-agnostic description
of the PGJS using the method without focusing on specific material properties [15]. More-
over, weight-based methods are inherently intrusive, requiring direct contact between the
container and powder jet for powder collection, which can disturb the flow and introduce
errors due to particle rebounding or flow disruption [13].

While weight-based methods are robust for determining total mass flow, they lack
the detailed analysis capabilities of camera-based techniques in measuring powder flow
dynamics. Moreover, currently there are no commercial measurement systems avail-
able that use weight-based techniques specifically for characterising the PGJS. In con-
trast, optical methods offer a non-intrusive approach that does not disturb the powder
stream and enables measurement of particle concentration, velocity fields, and trajecto-
ries in multiple dimensions, providing a more comprehensive understanding of the flow
behaviour [20,38,40]. The next sections of this work address the findings in the literature of
works exploring camera-based systems for measuring the PGJS, including the commercially
available systems.

4.2. Synthesis and Interpretation—Camera-Based Methods

Although the methods of measuring the PGJS through camera-based systems vary in
terms of setup, the general logic behind them are similar. Based on the literature records, the
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main steps of measurement in those systems are raw image data acquisition; pre-processing
steps to clean and prepare the images; feature extraction and analysis to obtain specific
characteristics of the powder jet; as presented by the flowchart in Figure 31.

Input Data Image Pre- Image Processing

Acquisition Processing eImage Averaging
sCamera Setup (Frame *Background *Region of Interest Feature Extraction

rate / Exposure time / Subtraction sGeometric Correction
Analogue Gain) *Image Stacking *Dimension Scaling
¢lllumination Method * Greyscale Conversion

and Parameter
Estimation

Figure 31. Image processing pipeline (author).

To capture the images, CCD or CMOS cameras are predominantly used [7,20,29,31,36,40,44],
with a wide range of frame rates, which are dependent on the phenomena being observed
and analysed. For instance, in studies focusing on the overall structure of the powder
jet, such as shape, powder density distribution, SOD and Dy, lower frame rates (e.g.,
30 fps, 60 fps, 200 fps, 500 fps) are utilised. This choice is justified by the reliance on the
representative powder distribution formed over time through superimposed images. In
contrast, higher frame rates (e.g., 8000 fps, 10,000 fps) are employed for detailed particle
tracking and velocity measurements to capture the particle movement between the frames.

The illumination source is utilised primarily to create a strong contrast between the
powder particles and the background, ensuring clear visibility for the overall PGJS. For all
the illumination setups, such as area and linear (vertical and horizontal), it is assumed that
the light attenuation or scattering detected by the camera is linearly proportional to the
particle concentration (given in kg/m?), according to Mie’s theory [10,49]:

Let 12 Tipe-n-V
L= =" FEe M

Table 8 shows the description and units of each parameter of the equation, where
the average luminance (L) of a scattering element is proportional to the reflected light
intensity (If) observed at a distance (r), which results from the number of particles (n)
contained within a given volume (V). This relationship depends on the incident light
intensity (Iinc), the wave number (k), a dimensionless function (F) that accounts for particle
orientation and the polarisation state of the incident light, and the projected area (A) of the
scattering volume.

Once the images of the powder jet are captured, static elements, such as the nozzle and
background, are subtracted from the images to enhance the contrast and focus only on the
particles [23,24,34]. These images are superimposed by capturing multiple frames (e.g., 100,
1000, or 3000 frames) to compensate for fluctuations in the powder jet and obtain a stable
and representative image of the distribution over time. This enables the analysis of the
powder shape by reducing the discrete nature of the recorded images, facilitating a more
detailed assessment of the powder distribution [7,9,10,19,34,43], as shown in Figure 32.
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Table 8. Table of symbols, descriptions, and units used in the powder scattering analysis.

Symbol Description Units
L Average luminance (radiance) of scattering element W-m~—2
Lot Reflected /scattered irradiance at detector W-m 2
Line Incident irradiance on scattering volume W-m~2
r Distance from scattering volume to detector m
n Number of particles within scattering volume -
\Y% Scattering volume m?
k Wave number, k = 27t/A m~1
A Projected area of scattering volume m?

Dimensionless Mie scattering function (depends on size

F (&) B

parameter &, scattering angle and polarisation state ¢)

The term F(&, @) derives from the Mie theory and represents the angular scattering distribution (phase function)
normalised by scattering efficiency. It captures how particle size, orientation, and the polarisation of incident light
influence the measured scattered intensity.

Figure 32. Selected examples of individual (top) and 3000 superimposed (bottom) pictures of
PGJS measurements taken at 2 mm (E2) to 11 mm (E11) (wavelength: 810 nm, sheet thickness:
260 pum, camera type: Mikrotron GmbH MC 1362 high-sensitivity) (adapted from [19], licensed under
CC BY 4.0).

To simplify the analysis, the images are recorded in greyscale, in which the pixel
luminosity, or brightness, is mapped to represent the relative powder concentration, with
brighter areas indicating higher concentration. A filter technique reported in the literature
is used to improve image quality by converting the image into a binary image, where
pixels are either black or white. This conversion helps in the identification of individual
particles [10]. Pixels are set to white above a threshold value and black below it, as shown
in Figure 33 with a threshold value of 155.
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Figure 33. Image thresholding: from greyscale to binary image [6].

A technique used to define the threshold of the image cited by Lopes-
Martines et al. [26] is by using Otsu’s method. The method’s algorithm iteratively tests
all possible threshold values and selects the one that maximises the inter-class variance,
or equivalently, minimises the intra-class variance. For a given threshold t1, the method
divides the image pixels into two classes: those with intensities below or equal to t1 and
those above it. The mean intensity and probability of each class are computed based on
the image histogram, and the threshold that yields the maximum separation between class
means is selected, which allows a consistent detection and quantification of particles [50].
Various filtering techniques are reported in the literature and used depending on the study
purposes. Garcia-Moreno et al. [31] presented a method for measuring the particle’s veloc-
ity by applying an adaptive sharpening filter to highlight the particles. Warneke et al. [23]
used Kalman filters to track the particles within the powder jet.

Moreover, a selection of specific areas of the images, such as individual layers of the
powder jet or the overall stream, is performed to reduce the computational load and avoid
interference from non-relevant areas to the analysis [44]. Homography matrices, a common
mathematical transformation used to correct the perspective of the image, are employed to
transform distorted images into an undistorted view, enabling PGJS geometry correction,
especially when a lateral observation at an angle is performed [7]. Pixel dimensions are
converted to real-world units, such as millimetres, using scaling factors determined through
calibration [7,34].

Estimation of Powder-Gas Jet Stream Characteristics

The calculation of the characteristics of the PGJS in camera-based systems is based on
the pixel intensity values along the horizontal and vertical cross-section, as it is assumed the
luminance intensity is directly proportional to the particle concentration [10,29,40]. These
intensity profiles, representing the concentration of particles, are often fitted to Gaussian
distributions where the maximum concentration is at the centre and decreases towards
the periphery. Figure 34 [19] shows this behaviour by displaying the density distribution
of particles with a gradient colour. The image illustrates the horizontal (see Figure 34a)
and vertical (see Figure 34b) distribution of particles in various layers across the nozzle
axial distances, allowing for the visualisation of a gradual increase in particle concentration
towards the focal plane.
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Figure 34. (a) Level-by-level particle density representation on the horizontal; (b) level-wise particle
density distribution representation on the vertical [19] (licensed under CC BY 4.0).

The shape of the powder jet is also commonly compared to a laser beam caustic, in
which the particles first diverge at the nozzle exit, concentrate at the focal plane, and then
diverge again [10,29,32]. The SOD is defined as the axial distance from the nozzle tip to the
point where the PGJS has the narrowest diameter [10,36,40]. In case of both vertical and
horizontal laser line sources, the SOD is determined by identifying the point of maximum
intensity in the Gaussian profile along the Z-axis. For vertical sources, the SOD is identified
as the Z-coordinate of the highest point of the fitted Gaussian curve [41], whereas for
horizontal sources, it is the Z-position where the peak intensity occurs in the horizontal
Gaussian profile [10].

The Dy is defined as the minimum width of the particle circle at the SOD [30,43], or
the contour of 1/e? (approximately 13.5%) of the peak intensity, which encloses 86.5% of
the particle concentration [10,11]. In studies such as Ferreira et al. [17] and Cui et al. [29],
where continuous nozzles are investigated, the inner and external diameters of the powder
jet are defined by the diameter of circles encompassing specific percentages of the pixel
values, such as 1% and 86%, respectively, as shown in Figure 19. The fundamental idea
behind the method is tracking the particles across multiple high-speed frames to calculate
their displacement vectors and derive velocity fields [31] or dividing the distance covered
by the camera’s shutter speed [36].

Although optical-based methods offer advantages in quantifying and qualifying the
PGJS, the literature reports several challenges for its characterisation. The sources ac-
knowledge that measured transverse widths and concentration distributions are inherently
influenced by the various factors including the thickness of the laser sheet and the optical
system’s point spread function (PSF). These factors encompass elements such as camera
resolution, lens and motion blur, depth of field, and light scattering by particles [10,26,34].

The PSF of the optical system affects measurements through several mechanisms,
as follows:

e  Motion blur and light trails: Longer exposure times can reduce the ability to identify
single particles. Pre-processing techniques, such as sharpening filters, are usually
applied to mitigate this effect [31].
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e  Camera resolution and pixel size: When pixel size is larger than the particle dimension,
images become blurry and low-resolution, complicating particle tracking and iden-
tification [43]. This mismatch can also create pixel-locking artefacts, when a particle
seems stuck to certain pixel positions instead of showing its real path [31].

e Light scattering: Scattering can cause powder particles to appear larger than their
actual size, influencing the measured width and concentration [18].

e  Particle overlap: Especially at high powder densities or in convergence zones, individ-
ual particles may no longer be resolved separately, instead appearing as agglomerates
or a continuous flow, which can lead to increased measurement error [26].

e Interference factors: Reflected light from individual particles can appear discontinuous
due to various interference factors [22].

While the sources acknowledge these optical effects and their impact on measurement
accuracy, the literature does not provide a universally applicable method to correct these
errors. Instead, approaches generally focus on minimising bias through experimental
optimisation. This includes employing thin laser sheets to illuminate a narrow cross section,
using pulsed illumination to reduce motion blur and adjusting camera parameters (e.g.,
exposure time, aperture and frame rate) to balance contrast, depth of field and image
sharpness [10,19]. The use of optical filters can also help enhance contrast, and ROlIs are
carefully selected to avoid interference from out-of-plane regions [42].

In addition to experimental optimisation, the literature reports that bias is further
reduced through advanced image processing techniques. These include background sub-
traction to remove gradients and enhance contrast, sharpening and denoising filters to
improve particle definition, and thresholding methods, such as Otsu’s method or adap-
tive Gaussian binarisation, to separate particles from the background and exclude blurry
elements [10,21,26,31]. Brightness scaling compensates for light scattering effects, while
frame stacking and pixel averaging help smooth pixel distributions and reduce local
fluctuations [17,21].

Although the sources extensively recognise the effects of camera PSF and laser thick-
ness in the measurements, no general deconvolution guideline is provided to correct these
effects. To measure sheet thickness or PSE, a practical approach is the knife-edge method:
scan the laser sheet or beam across a sharp edge (e.g., a board with absorbent and reflective
regions) and record the resulting intensity profile using a photodiode or camera [51]. The
integrated intensity profile is fitted (e.g., with a hyperbolic tangent function), its derivative
computed, and a Gaussian or top-hat function fitted to extract parameters such as the
FWHM [51]. It is important to note that the knife-edge method typically underestimates the
actual beam width by 45-65% due to its limited capture of scattered and forward-shining
light; therefore, if deconvolution or empirical correction is not performed, it is strongly
advised to report a bias bound or state the expected variation (e.g., “knife-edge measured
FWHM was 45-65% smaller than camera-based measurements”) [51]. Transparent report-
ing of this bias is important for the accurate interpretation of width and concentration
data, as the PSF significantly influences the effective resolution and reliability of optical
PGJS measurements.

Despite these efforts, specific challenges persist in the implementation of this method.
The non-existence of a measurement standard that defines the properties of the PGJS
poses a challenge in this method, as each author applies different assumptions regarding
the measurement techniques and algorithms employed, leading to variations in reported
results and making direct comparisons difficult.
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Another limitation can be related to the computation cost in this method, as high-
speed imaging generates large amounts of data, making data storage and post-processing
computationally expensive [10]. In addition, the method requires use of specific camera
and illumination setups, which can also be installed in the machine, requiring precise
calibration to ensure accurate and reliable results (e.g., analogue gain and exposure time of
the camera) [18,22].

4.3. Comparative Synthesis for PGJS Characterisation Methods

Weight-based methods offer a low-cost alternative with low setup complexity when
compared to the camera-based options [14]. Its robustness to powder dust and welding
fumes is an important quality when applied in industrial environments [14]; however, the
intrusiveness of the measurement is high due to the nature of the technique [18]. The spatial
resolution of weight-based methods relies on repeating the measurements at different radial
and axial distances from the nozzle, which limits the method to offline applications and
results in poor temporal resolution of the PGJS [15,16].

Camera-based methods using lateral cameras and area illumination, on the other hand,
provide high spatial and temporal resolution by employing high-resolution, high-speed
cameras with low intrusiveness [10]. The complexity and cost of the setup are higher than
those of weight-based methods and vary depending on the specific hardware employed
(e.g., medium LED PIV, high multi-camera PIV [31]), in addition to the fact that this method
requires post-processing, which can be computationally expensive. It is suitable for in
situ monitoring but can be moderately affected by spatter and bright melt pool radiation,
necessitating careful optical filtering [21]. Despite the costs, these methods are widely
used in both research and practical applications, reflecting a high technology readiness
level (TRL).

Vertical laser sheet illumination methods achieve high spatial and temporal resolution
while maintaining low intrusiveness. Setup complexity is medium to high, requiring
precise calibration and computationally intensive processing [10]. These techniques are
robust enough for in situ monitoring and offer improved contrast due to the thin laser sheet,
though they share some challenges with general optical methods regarding spatter and
melt pool interference [23]. Their TRL is high, including both cited commercial equipment,
with broad acceptance in research and process monitoring [34].

Horizontal laser sheet illumination methods provide high spatial but medium tem-
poral resolution, as the layers of the PGJS need to be observed individually [7]. They are
non-intrusive but involve very high setup complexity due to the need for mirrors and
additional processing steps [17]. Primarily used in offline characterisation, these methods
are moderately robust to environmental interferences and have a high readiness level for
research purposes.

Coaxial optical imaging varies depending on whether it is applied offline or in situ.
Offline implementations offer high spatial and temporal resolution, but with high com-
plexity and cost, as the system needs to be stand-alone in one machine, requiring costs
with installation and training [19]. Offline characterisation does not involve the processing
laser and thus is not suitable for online use. In contrast, online or in situ coaxial imaging
achieves high to very high spatial and temporal resolution with low intrusiveness but
requires highly complex setups and sophisticated filtering to manage interference from the
melt pool and active lasers. These systems are essential for process control and are actively
being developed for industrial applications, reflecting medium to high TRL [42,44].

All this information is summarised in Table 9.
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Table 9. Decision matrix comparing different PGJS characterisation methods.
Spatial Temporal . Setup In Situ Robustness to
Method Resolution Resolution Intrusiveness Complexity Suitability Spatter/Smoke Cost TRL
Weight-based Medium Low High Low Low High Low Medium
Lateral Camera . .
w/Area Medium High Low Med{um to Low Medium Medl.um High
. High to High
Mlumination
Lateral Camera Medium to
w /Vertical High High Low Hich Medium Medium Medium High
[lumination '®
Lateral Camera
w/Horizontal High Medium Low High Low Medium Medium  Medium
Mlumination
Coaxial Imaging . . . . Medium
(Offline Context) High High Low High Low N/A High to High
Coaxial Imaging . . . . . . Medium
(Online Context) High High Low High High Medium High to High

Spatial Resolution: Ratings are based on the reported capabilities of distinguishing or
tracking particles (Medium: sufficient overall stream shape or individual jets [14]/High:
capable of resolving individual particles or fine features [19]). Temporal resolution: Ratings
reflect reported frame rates or explicit statements about real-time capability (Low: single-
frame or very low frame rates, lacking real-time capabilities [15] /Medium: suitable for
continuous monitoring of overall flow and changes in concentration [10]/High: capturing
rapid particle movement or process dynamics [31]). Intrusiveness: Based on whether the
method physically interacts with the powder stream (Low: non-contact method/High:
direct physical interaction with particles). Setup complexity: Reflects the number and
specialisation of components (Low: simple equipment, easy calibration [14]/Medium:
multiple components requiring moderate alignment/calibration [10]/High: sophisti-
cated equipment, complex optical parts, integration with active L-DEDp systems [44]).
In situ suitability: Based on whether the method is typically used during processing and
its ability to provide useful data under such conditions (Low: primarily for offline analysis,
difficult to integrate into live process [43]/Medium: possible with significant modifica-
tions or specific conditions [18] /High: designed for or successfully adapted for real-time
process monitoring [44]). Robustness to spatter/smoke: Assesses the effectiveness of the
method in overcoming the challenges posed by the L-DEDp environment’s optical noise
(Medium: performance may be affected, but usable with filtering [44]/High: the system
is inherently unaffected by process emissions [15]). Cost: General assessment based on
the type of equipment required, with patented or highly specialised systems incurring
higher costs (Low: basic components [15]/Medium: specialised cameras, lasers, soft-
ware [10,31]/High: advanced optical systems, custom-built or patented systems [19,44]).
TRL: Ratings reflect the maturity level based on descriptions of experimental valida-
tion, implementation in relevant/operational environments, and statements regarding
industrial establishment (Medium: used for analytical and experimental critical func-
tion/characteristic proof-of-concept, and system model or prototype demonstration in a
relevant environment [10,14]/High: system complete and proven in operational
environment [10,42]).

4.4. Lack of Standardisation

The accuracy and reproducibility are important considerations for PGJS characterisa-
tion techniques; this advancement contributes to the maturity of L-DEDp technology, both
in scientific understanding and industrial implementation. However, the current landscape
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of experimental measurement techniques suffers from a significant lack of standardisation,
posing considerable challenges for comparing results across different studies and achieving
consistent process optimisation.

The literature reports the difficulty in understanding the effects of individual vari-
ables experimentally, often due to the time-consuming nature and complexity of the
phenomena [27,40]. The absence of universally accepted methodologies makes it chal-
lenging to draw definitive conclusions or build upon previous work effectively, as findings
may not be directly comparable [30,31]. This issue is particularly pronounced in areas such
as particle velocity and concentration measurement, where diverse optical and weighting
methods are employed, each with its own advantages and limitations. The impact of
manufacturing differences in nozzles also necessitates case-by-case assessment, further
underscoring the need for standardised approaches [38].

Both methodologies are subject to measurement uncertainties arising from various
instrumental and procedural factors. On weight-based techniques, factors that can induce
these uncertainties include scale resolution and drift, effective pinhole area, sampling
duration, and particle rebound effects. These error sources are presented in Table 10,
summarising the documented impacts reported on the weight-based studies, and where
the reports did not provide explicit uncertainty information, common assumptions from
metrology practice and data processing were included.

Table 10. Uncertainty budget of weight-based methods for measuring PGJS.

Source of
Uncertainty

Assumed Value/Range

Affected Parameter (s)

Propagation Method

Contribution to Final Uncertainty

Rebound
(Particle loss)

20% particle loss,
particles ejecting from
plate upon collision [17].

Powder mass flow,
powder density profile.

Particles that collide with
the collection plate or
pinhole and bounce away
are missed, causing
underestimation of
powder flow density at the
measurement point [17].

The underestimation of powder
concentration by 20% was a result of
particle loss, leading to inaccuracies in peak
concentration and D¢ measurements [17].
As example, if powder concentration is
100 mg/ mS3, but 20% of particles are lost,
and SOD is defined as the position where
powder density reaches 90 mg/m?
(threshold), it is now wrongly detected at a
higher z (further from the actual SOD). As
a result, the overestimation of Dy by the
relative error, in this case, 20%, occurs due
to this miscalculation.

Directly affects accuracy of
powder mass and

Not explicitly quantified as an uncertainty

Scale. Repeatability: 1, 0.12 mg. Powder mass flow, dynamic readings, contr ﬂ;u_t ton in the SOUTees.
resolution L - ! . However, it is implied that higher scale
. Settling time: 0.15s [14].  powder density profile. affecting the values used
and drift . accuracy reduces overall measurement
to determine focal
. error [14].
properties [14].
Influences the temporal
resolution and averaging
of collected powder mass
. flow data. Lower
Samplin, 21 Hz (dynamic sampling rates can miss Not explicitly quantified as an uncertaint
Png readings) [13]; 1 min Powder density profile. ping pretty quant Y
time . - transient changes, contribution in the sources.
(static collection) [15]. . . 2,
reducing fit precision,
while longer static times
help minimise random
errors [15].
Diameter: 0.6 mm [13], Inaccurate pinhole
2 to 12 mm [15]. effective areas, influenced Using geometric instead of effective area
Pinhole Effective area: 0.83 times Powder mass flow, by particle size/shape, can cause 17% powder capture

effective area

the geometric area (for
75 pm mean
particle) [14].

powder density profile.

directly impacts local
powder flow density
calculations [14].

underestimation, affecting accuracy of the
powder concentration profile [14].
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For camera-based methods, the main factors discussed in the literature that can induce

measurement uncertainty are summarised in Table 11.

Table 11. Uncertainty budget of camera-based methods for measuring PGJS.

Source of

. Assumed Value/Range Affected Parameter (s) Propagation Method Contribution to Final Uncertainty
Uncertainty
Thicker illumination
50 um [10]; sheets capture particles
Sheet 0.26 mm [19]; Powder concentration beyond the 2D plane, Affects the accurate count of particles
thickness 0.5 mm [36]; profile, particle count. causing concentration within the desired plane [19].
4 mm [38]. overestimation, blurring,
and particle shading [19].
Not directly quantified as a specific
contribution to SOD or Dy uncertainty on
Pixel-to-mm conversion the sources. However, if SOD is measured
50 pixels/mm errors directly affect the at 500 pixels, and pixel size is miscalibrated
Pixel (19.53 um/pixel) [19]; SOD. D measured dimensions of by 5% (e.g., 20 um/pixel instead of
calibration 0.106 mm/pixel [18]; s the powder stream, 19 um/pixel), then SOD appears as
20 pm/pixel [31]. including SOD and 500 x 20 = 10,000 um = 10 mm, but true
Dy [19]. SOD is 500 x 19 = 9.5 mm. This 0.5 mm
error directly propagates to SOD and
Dy values.
The thresholding criteria
Definitions vary: 86% and thilfittiggf.a lgokrlithm Overall relati b imulated
Thresholding/ luminosity (1 /ez) use t.o efine the vera re. ative errors etwe.ep sqnu ate
SOD, Dy. boundaries of the PGJS and experimental powder utilisation rates

[16,29], 10% max
intensity [33].

fitting error

intensity profile can
introduce variations in the
derived SOD and Dy [10].

were below 14% [50].

Out-of-plane Uniform brightness for

Powder concentration,

Particles outside the
illuminated plane, or
being obscured by other
particles within the plane,

Not directly quantified as a specific
contribution to SOD or Dy uncertainty on

particle particle distribution [40]. particle velocity. can cause “loss-of-pairs”
. . the sources.
or false signals, affecting
the concentration and
velocity accuracy [18].
Random noise in the
. . . i b.
Low SNR (low-contrast Particle detection, pixel mage can obscure
. . L . particles or generate false
images, small particles, estimation, velocity and X X . X Leads to reduced measurement accuracy,
. signals, impacting particle . -,
short exposure), displacement - bias errors, precision loss,
detection and T .
Camera overexposure, measurement, . over/under-estimation of particle and
. . concentration accuracy. - .
noise/saturation greyscale greyscale/powder . powder characteristics, and increased need
. AN . Saturation can lead to a . .
discontinuities, concentration for post-processing/experimental

reduced particle
count [10,22,42].

distribution, calibration
validity, ROISs, precision.

loss of intensity gradient
information, hindering
accurate profile
fitting [31].

optimisation [10,22,42].

Although studies address these error sources and their potential impact on the accu-
racy of both methods, a precise numerical quantification of how each individual source
propagates to the parameters, such as SOD and Dy, remains absent. This gap can be
explained by the fact that many studies apply experimental methods for validation of
numerical simulation, reporting the error between simulation and experiment rather than
assessing the repeatability or reproducibility of the experimental methods themselves.

For instance, the sources generally indicate the use of high-precision scales for pow-
der feed rate calibration, which directly impacts the PGJS, with inherent reproducibility
reported around 0.01 g [19]. Although no fixed recalibration intervals are explicitly docu-
mented, calibration checks, often conducted before each experiment, and recalibrations on
different days are common practice [17].
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In studies exploring camera-based methods, the calibration depends heavily on con-
sistent powder back-reflection brightness, which can be affected by changes in powder
material, laser processing parameters, camera exposure, and interference from the laser-
irradiated zone [42]. Systematic errors, including particle tracking behaviour, seeding
density, background noise, and illumination consistency, further complicate measurement
accuracy [42]. While no fixed recalibration schedules exist, recalibration is necessary
whenever these influential factors change to maintain measurement reliability.

The absence of explicit numerical quantification of repeatability and reproducibility
for these methods, as well as universally recommended recalibration intervals, remains
insufficiently addressed in the literature, emphasising the gap in standardising these mea-
surement methods. Moreover, the choice of algorithms for data processing directly affects
the analysis of results, as different algorithms can interpret the same raw data in varied
ways, significantly complicating the comparison of results across different studies. For
instance, methods for removing individual particles from background noise and other arte-
facts are significant in camera-based methods [19]. Some methods reported in the literature
are based on brightness thresholds to remove light artefacts or unwanted reflections [17],
while others use advanced filters for noise reduction and particle sharpening [44].

In addition, assumptions about powder distribution employ mathematical models
to fit experimental data (e.g., Gaussian). The choice of fitting function and the criteria for
defining features like Dy (e.g., 14% or 86% of maximal luminosity, FWHM, 10% of maxi-
mum intensity) can significantly alter reported values [7,17,30,33]. These variations and
inconsistencies highlight the critical need for standardised methodologies and comprehen-
sive reporting guidelines to ensure the reproducibility and comparability of camera-based
measurement techniques. The following subsection proposes a minimum reporting set to
support greater transparency and consistency in experimental methods, offering a struc-
tured approach to enhance methodological clarity.

Minimum Reporting Set for Experimental Methods

To enhance reproducibility and facilitate the comparison of experimental data across
studies, it is essential to adopt a standardised reporting set encompassing the key experi-
mental and analytical parameters. This paper set an important milestone in the literature
to support the standardisation of nomenclature for PGJS characterisation techniques. The
following information is recommended to be included in future work addressing PGJS:

e Nozzle geometry: Comprehensive details of the nozzle design should be provided,
including the type (e.g., coaxial continuous or discrete), number of channels or jets, in-
ternal and external diameters, channel lengths, and inclination angles. The dimensions
should be provided to avoid intellectual property claims.

e  Material density, PSD and morphology: The type of material (alloy) and PSD should
be reported using standard descriptors such as quartiles (Dy, 10, 50, 90), average
diameter and distribution mode. Information on particle shape (e.g., spherical, near
spherical) supported by scanning electron microscope (SEM) micrographs is also
relevant. Powder flowability data are also relevant, such as the ones obtained by the
Hall/Carney funnel or powder rheology systems.

e SG, CG and PMF: Details on the type of gases used (e.g., argon, helium), volumetric
flow rates (e.g., litres per minute or grams per minute), gas pressures, and flow rates
for individual channels (e.g., inner and outer shielding gases) must be included.

e  Particle trap method and dimensions: The technique employed to capture the parti-
cles should be specified (e.g., weighting method using a plate with a circular pinhole,
or collection in cylindrical containers with specific concentric holes), including the
diameter of the pinhole.



Processes 2025, 13, 2995

39 of 45

e Illumination wavelength and sheet thickness: The wavelength of the illumination
and thickness of the laser sheet should be reported. If possible, provide the measured
(not nominal) laser-sheet thickness and the method used to verify this measurement.

e Camera sensor and acquisition parameters: The camera type (e.g., CCD, CMOS,
high-speed), spatial resolution (e.g., pixels, pixels per millimetre), frame rate (frames
per second), exposure time (microseconds), and optical aperture settings (f-number)
must be clearly documented.

e  Pixel-to-Millimetre calibration: The scaling factor used to convert pixel measurements
into real-world dimensions (e.g., micrometres per pixel or millimetres per pixel) must
be provided to ensure measurement accuracy, including uncertainty of devices.

e  Perspective/Homography or lens-distortion correction: Specify whether any perspec-
tive, homography, or lens-distortion were applied during image processing. Include
the correction method and any parameters or calibration data used.

e Thresholding and fitting methods: Details on image binarisation procedures (e.g.,
Otsu, 1/e? contour), criteria for defining particle boundaries (e.g., greyscale threshold
values), and the mathematical functions used for fitting measurement data (e.g.,
Gaussian) should be included.

e  Frames averaged: The number of frames stacked or averaged to reduce noise and
discrete fluctuations, thereby producing a smoother representation of the powder
stream, should be documented.

e  Optical filters: Specifications of any optical filters employed to enhance image contrast
should be reported, including bandpass filter centre wavelengths, FWHM, optical
density, and the use of notch or other specialised filters.

Systematically reporting these parameters in PGJS analysis enhances traceability, trans-
parency, reproducibility, and comparability of experimental methodologies. In addition,
verification of the laser sheet thickness and depth-of-field checks are highly recommended
to ensure the accuracy of plane-wise illumination. It is important to ensure that the mea-
sured particles accurately reside within the illuminated plane, especially at high speeds
where out-of-plane motion can lead to substantial errors.

Due to the inherent limitations of 2D measurements in capturing the complex, 3D
nature of powder and gas flows, it is essential to adopt 3D volumetric approaches like
multi-view stereoscopy or tomography. Although these methods demand a substantial
investment in hardware and complex setups, they provide comprehensive access to all
three components of velocity and spatial distribution within a defined volume.

Some studies have already adopted multi-view schemes and proposed methodolo-
gies to reconstruct 3D powder distributions, enhancing evaluation and accuracy [14,17].
However, these reconstructions often rely on assumptions such as asymmetry, posing
challenges as these assumptions may not be universally applicable across all nozzle types
or operational scenarios. To validate such 3D models and experimental techniques, vali-
dation with a phantom of known distribution or a benchmark database with controllable
parameters (e.g., particle concentration, noise level) is essential. This facilitates a more
objective evaluation of algorithm robustness and measurement accuracy in a controlled
environment, complementing experimental methodologies.

5. Conclusions

Among the experimental approaches reviewed, the characterisation of PGJS is pre-
dominantly explored by camera-based methods, including commercial options, due to
their ability to measure and quantify the powder jet dynamics without disturbing the flow.
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Techniques employing laser illumination combined with CCD or CMOS cameras, mounted
coaxially or laterally, have captured detailed characteristics of the powder jet based on the
powder distribution along the jet. Image processing techniques are employed to create an
image representation of the PGJS, based on the pixel’s intensity of the powder particles
captured during measurement, allowing the calculation of characteristics such as D¢ and
SOD, which are broadly explored in the papers. The studies have shown that the peak of
the Gaussian distribution represents the SOD of the stream. The types of illumination, such
as area, horizontal, and vertical laser light illumination, have shown comparable results
for measuring the PGJS, although comparative studies in this area remain not very well
studied in the literature. Each technique employs its own algorithm and image processing
method, contributing to the challenge of understanding why similar conditions lead to
different results.

Similarly, weight-based methods provide an alternative way to measure the PGJS
through a straightforward and cost-effective means to quantify the powder mass flow and
spatial distribution of the jet. The results of these methods often agree with those from
optical systems, often showing a Gaussian distribution of particles near the SOD. Despite
their quantitative robustness, these methods are inherently intrusive, static, and limited to
level-by-level measurements, thus restricting their ability to comprehensively capture the
full 3D PGJS dynamics. The need for precise calibration, material-dependent adjustments,
and the absence of universal standards further limit their broader application and compa-
rability. Table 12 offers a summarised overview of the measurement methods employed for
PG]JS characterisation, emphasising their principles, system setups, measurement focuses,
as well as advantages and disadvantages.

Table 12. Summarised table of measurement methods of PGJS characterisation.

Mcie)a§ur('3ment System Setup Common Ft?cus of Advantages Disadvantages
rinciple Measuring
Offline measurement.
. It can be time-consuming.
_RObUSt_ and Su}ted. for It lacks the ability to traci
3D powder flow density 1ndust1j ial applications. . variations in powder flow velocity
Pinhole and distribution. t doez r}[?ctaﬁegtggucr(éﬁzixsog ti);r}:senswe and turbulence, limiting its
Weight-based Powder mass flow rate. P Pd itati y d : capability to capture the dynamic
Correlation of [FProvides quantitative powder mass behaviour of the powder jet.
time-dependent data distribution for dl'fferen.t diameter rings Provides an estimate of powder
with spatial position. Enables the detection of inhomogeneities. utilisation rate based on weight
- It can 'ger}erat.e a3D p.OWder measurements, rather than directly
Cylindrical distribution profile. measuring the actual
Containers powder distribution.

Lateral Camera
with Area
Illumination

Camera-based

It does not provide direct
measurements of powder mass

Overall PGJS behaviour N
concentration.

. Captures the overall behaviour of the
and dynamics.

Particle velocity and
trajectories through
particle tracking.
Relative powder
concentration
(luminance intensity).
Powder stream shape,
SOD, Dy.

PGJS, suitable for qualitative analysis.
Particle tracking across frames enables
velocity analysis.

It can detect individual particles.

It can utilise a low-cost hardware
configuration.

No laser illumination is necessary for
metallic particles.

Requires post-processing to filter
out-of-camera focal plane particles.
Extremely high or low particle
densities can lead to lower spatial
resolution in measurements.

It can have high measurement
uncertainty for in-process
(real-time) approaches due to other
process factors like scanning
velocity or laser emissivity.
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Table 12. Cont.

Measurement

Principle System Setup

Common Focus of
Measuring

Advantages

Disadvantages

Lateral Camera
with Vertical
Illumination

Local powder mass
concentration and
particle density
distribution within a
single plane.
Powder jet structure,
including SOD,
powder-waist diameter,
and expansion angle.
Particle velocity and
motion paths.
Particle count and

Directly measures local powder mass
concentration.
Provides the powder jet structure and
particle velocity.

Offers high-resolution quantitative data
and real-time analysis.
Captures particles within one plane,
eliminating the need to discard
out-of-focus particles.
Commercially available systems exist
(e.g., Ponticon PowderSpy).

It requires precise calibration of
the line beam width and
measurement area.
Particles that deviate from the thin
illumination plane may remain
undetected, leading to potential
inaccuracies in the measurement.
The image only provides
two-dimensional information.
Higher exposure time can result in
overestimation of particle density
as prolonged exposure may
increase the apparent number of

Lateral Camera
with Horizontal

Illuminati
Camera-based umination

ition. . . .
postion particles captured in the image.
Requires a sophisticated setup
involving precise alignment of the
Transverse horizontal camera and

cross-sections (XY
planes) of the powder
stream at various axial
distances.
Maximum powder
concentration spot and
its diameter.
3D powder stream
structure (by combining
multiple XY planes).
Reconstruction of
powder stream caustic.

Enables in-plane analysis of powder
distributions.
Can locate the maximum concentration
spot and its diameter.

Allow a 3D description of the stream by
scanning different Z-positions.
Does not require discarding out-of-focus
particles.

illumination system, adding to the
overall complexity of
implementation.

It has a limited measurement area,
dependent on the positioning of
the plane.

Requires more processing time
compared to area or vertical laser
sheet methods.
Recognition of edges at the
convergence location can be
difficult due to high particle
interaction, leading to a wider
illuminated area and potential
experimental error.

Horizontal
Camera with
Horizontal
Illumination

Online, in-process
monitoring of the
powder stream.
Homogeneity of the
powder feed and
detection of individual
powder jets.
Quantitative
measurement of overall
powder mass flow rate.
Particle density in a
specific horizontal plane
illuminated by the laser.

Enables in-process monitoring of the
powder stream.

It can provide high contrast between the
powder and background despite the
active processing laser, especially with
optical filters.

Capable of detecting deviations in
powder mass flow early.
Determines particle density distribution
per plane.

Requires careful selection and
tuning of filters and illumination
wavelength to ensure
sufficient contrast.
Particle-particle shading (overlap)
can lead to erroneous particle
identification at high densities.
The measured number of particles
is influenced by various factors
including illumination line height,
exposure time, camera chip
resolution, and particle velocity.
Necessitates the use of
sophisticated and costly optical
measurement systems to
accurately capture and analyse the
powder stream dynamics.

The absence of an internationally standardised metric applicable across various mea-
surement devices and techniques poses a significant challenge in both techniques for
characterising the PGJS. This lack of standards complicates the quantification and qualifica-
tion of the powder jet based on process parameters and hinders the consistent certification
that experimental methods are performed correctly. Without established benchmarks or
reference criteria, comparing results from different systems or studies becomes difficult,
limiting the reliability and reproducibility of findings in this field and the advancement in
accuracy and consistency of PGJS measurements.

To address these challenges, an inter-laboratory comparison is proposed to establish
standardised testing protocols and metrics of PGJS characterisation. The proposed study
would entail utilising a standard nozzle and material, testing two defined PSD bands under
fixed gas flow conditions to maintain consistency across experiments. Standard illumination
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parameters, including parameters discussed in Section 4.4 of this work, would be employed
for camera-based methods. Key quantitative metrics such as SOD, Dy, symmetry index,
and caustic slope should be reported, all based on unified and clearly defined measurement
criteria. Implementing this testing programme would facilitate reliable cross-comparison
of results, improve reproducibility, and contribute to the development of an internationally
recognised standard for PGJS measurement and evaluation.

Future research should strategically address the identified experimental gaps and
limitations, pushing the boundaries of PGJS characterisation by understanding the common
characteristics and behaviour of the powder jet through correlation with process parameters
based on multiple measurements and exploration of different nozzles, materials, and
devices. Identifying the principal characteristics of a powder jet, both geometrically and
statistically, is crucial for enabling the establishment of a metric to objectively quantify and
compare powder jet characteristics across various systems and conditions. Such a metric
would enable standardised evaluation of PGJS measurements, facilitating the process
optimisation and supporting the certification and validation of measurement methods.

Looking ahead, it would be valuable to explore in-process measurement techniques
for powder jets, allowing for real-time monitoring and control during manufacturing. Inte-
grating sensors directly into the production environment enables continuous assessment of
powder jet characteristics as process parameters evolve, providing immediate feedback for
required adjustments. This approach can have the potential to enhance process stability,
reduce variability, and result in an improvement of the overall part quality by ensuring
consistent powder delivery throughout production, ultimately enhancing the accuracy and
efficiency of the L-DEDp process.
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Abbreviations
The following abbreviations are used in this manuscript:
3D Three-dimensional

2D Two-dimensional
CCD Charge-coupled devices

CG Carrier gas

CMOS Complementary metal-oxide semiconductor
D¢ Focus diameter

EIA Edge identification algorithm

FPS Frames per second

FWHM  Full width at half maximum

L-DEDp Laser directed energy deposition process
MQTT Message queuing telemetry transport
PGJS Powder-gas jet stream
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SG Shielding gas

SOD Stand-off distance

PIV Particle image velocimetry
PMF Powder mass flow

PSD Particle size distribution
PSF Point spread function
RPM Revolutions per minute
TRL Technology readiness level
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