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A discussion of the front- and backlighting techniques and equipment 
needed and applying those concepts in concrete welding conditions
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Abstract

This paper is the second of a three-part series 
covering the field of high-speed videography in 
welding. This second part provides a comprehensive 
discussion of two of the most common techniques 
of high-speed imaging of welding: backlighting 
and frontlighting, including broad and narrow-
spectrum lighting (lasers in the case of backlighting) 
with both techniques. In all cases, building on the 
foundations laid out in Part 1, detailed descriptions 
of appropriate setups are provided together with 
examples of published practical implementations. 
The welding processes addressed include laser 
beam welding, gas tungsten arc welding, gas 
metal arc welding (GMAW), flux cored arc welding, 
and submerged arc welding. The advantages 
and disadvantages of front- and backlighting are 
explored in detail. Frontlighting is especially useful 
for processes with high dynamic range, such as 
short-circuit metal transfer in GMAW. Backlighting 
is less used with modern digital cameras; however, 
small amounts of backlighting can highlight features 
such as the electrode extension when using natural 
radiation lighting. Narrow-spectrum sources such 
as lasers are especially useful in combination with 
narrow bandpass filters to eliminate unwanted 
radiation sources. The implementations of front- 
and backlighting reviewed in this paper, together 
with those for natural radiation lighting in Part 
3 and the fundamental concepts and resulting 
quantitative guidelines provided in Part 1, provide 
welding researchers with a previously inexistent 
compilation of criteria to select proper equipment, 

accessories, and parameters for high-speed imaging 
of a vast variety of phenomena in welding, laser 
welding, and associated processes such as additive 
manufacturing or cutting.
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Introduction
Part 1 of this work established the scientific and techno-

logical foundations of high-speed videography of welding 
operations, including considerations of time scales, emissions 
of light from the welding operation, and considerations of 
sensors, lenses, filters, and software. The concepts, termi-
nology, and acronyms used in this paper were also explained 
in detail in Part 1.

This paper focuses on applying those fundamental con-
cepts in concrete welding conditions. The survey is organized 
according to the method of adding or collecting light during 
imaging, dramatically impacting video quality. Lighting 
techniques in the literature are surveyed exhaustively and 
discussed in detail. Typical setups for the different tech-
niques are described, and image examples are presented, 
sourced from both literature and the authors.

The techniques for lighting high-speed videography of 
welding can be divided into three categories: backlight, 
frontlight, and natural radiation, as shown schematically in 
Fig. 1. Each of these techniques is described in detail with 
extensive examples from both the literature (with the appro-
priate citations) and those specifically developed for this 
paper. Natural radiation will be addressed in detail in Part 3.
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Backlighting
Backlighting is a common technique that creates shadow 

images in which the electrode, metal droplets, and weld pool 
surface appear dark against a light background, providing a 
clear image of free surface contours. Backlighting is best when 
the backlight source’s wavelength is selected to avoid spectral 
line peaks of the welding arc constituents and is of sufficient 
power to overcome the emitted arc and molten metal radiation.

Backlighting commonly uses a visible light source (pref-
erably monochromatic) or a laser in near-IR wavelengths 
to overpower the arc and metal emissions. A filter, typically 
a narrow bandpass (NBP) with a transmitting wavelength 
similar to the backlight source, eliminates the welding arc 
and metal spectral lines.

Backlighting has some limitations, such as providing no 
information about the plasma or radiative emissions from 
the molten metal (which relate to droplet temperature). 
Observing or discriminating surface texture, slags, or oxides 
on the molten metal’s surface is also impossible.

Broad Spectrum Backlighting

Common tools for backlighting systems include halogen, 
light-emitting diode (LED), xenon, and metal halide lamps. 
They emit light from the ultraviolet to infrared wavelengths 

and contain several spectral peaks within the visible light 
spectrum, allowing for the use of cameras without IR sen-
sitivity. These lighting systems are available in high power 
outputs, and multiple light sources can be used simulta-
neously. While relatively inexpensive and available in high 
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Fig. 1 — Setup for backlighting, frontlighting, and 
natural radiation lighting techniques.

Fig. 2 — Spectra of backlighting sources.



Fig. 4 — Backlighting of controlled short-circuit GMAW of 4043 aluminum in pure Ar using a 60 W, 530 nm green 
LED source and with a 60 W green LED with a 530 ± 10 nm NBP filter (Ref. 7).

Fig. 5 — Xenon backlighting of GMAW aluminum-controlled short-circuit (Fronius CMT) with pure argon 
shielding gas (Ref. 14).

Fig. 3 — Backlighting of mild steel pulsed GMAW using a 250 W halogen source and a 650 ± 10 nm NBP filter. 
(Refs. 1, 2).
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FEBRUARY 2026 | 29-s



power outputs (above 100 W), their relatively broad spec-
trum can result in low power outputs at specific spectral 
lines of interest, hindering the complete elimination of the 
arc and limiting the maximum frame rate possible, as the 
images can be underexposed.

Setup for Visible Light Backlighting

The experimental setup required for visible light back-
lighting is straightforward and inexpensive. The light 
source is placed opposite the camera to direct the most 
light through the welding arc and metal droplets. Most light 
sources feature a bulb placed inside a reflector to direct 
the light over a much larger area than the welding region 
of interest. Collimating the light to a single small beam 
increases the intensity of light directed toward the welding 
region, overpowering the arc and producing clearly con-
toured videos. Halogen, LED, xenon, and metal-halide light 
sources emit a wide spectrum of light with characteristic 
spectral peaks of higher intensity. The light source selected 
must emit most of its light where there are no spectral lines 
of the arc, and a narrow bandpass filter with transmittance 
at the wavelength of the light source is typically used for 
optimal results. 

Figure 2 illustrates measurements done for this work at 
the research institute INP Greifswald, showing the spectra 
of four common light sources; the vertical axes show the 

intensity of spectral flux in W/nm. The sodium lamp stands 
out for its monochromatic yellow light and is ideally suited 
for backlight imaging. Conversely, a halogen light source 
has a broad and smooth spectrum that is not especially 
strong at any wavelength; thus, it overlaps with the arc light, 
resulting in lower quality images. The xenon lamp shows 
multiple lines, and the metal halide lamp shows continuum 
and line spectra characteristics.

The cost of a visible light backlighting system can vary 
depending on the desired power outputs and frame rates; 
however, the total system cost at publication was typically 
less than $1500.

In a welding lab, there are usually different power sources 
available. A cheap light source that can be improvised would 
be any welding arc, such as a gas tungsten arc welding 
(GTAW) arc. The disadvantage is that the wavelength emit-
ted by this arc might overlap with the wavelengths from the 
arc that needs to be observed. One way to overcome this 
limitation is to operate the illuminating GTAW arc at high 
powers to generate different illumination wavelengths.

Examples of Welding Imaging Using Visible Light 
Backlighting

Halogen backlighting is perhaps the most available 
and inexpensive lighting source for welding videography. 

Fig. 6 — Xenon backlighting of a GMAW of CuSi3 in free-flight assisted with a GTAW arc in pure argon shielding 
gas (Ref. 15).

Fig. 7 — Mercury vapor backlighting of a GMAW of mild steel in free-flight at approximately 200 A in pure argon 
shielding gas (Ref. 17).
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Figure 3 shows a typical halogen backlit image of pulsed 
gas metal arc welding (GMAW) using a 250 W light source, 
a color camera, and a 650 ± 10 nm bandpass (BP) filter 
situated in the red color of the visible spectrum (Refs. 1, 2). 
In these images, the high arc current of the pulse saturates 
the camera sensor and loses definition of the droplet and 
weld pool surface. In contrast, the lower background current 
does not overpower the halogen backlight and provides 
appropriate shadowgraph images. 

Increasing the halogen power and using a neutral density 
filter or faster exposure would reduce the sensor saturation 
due to the arc during the peak pulse while retaining fea-
tures of the weld pool and molten droplets during both the 
peak and background current stages. Another option would 
have been to replace the 650 ± 10 nm BP filter, chosen to 
avoid most of the strong metal (350600 nm) and gas lines 
(700–850 nm). The downside is that it records only a narrow 

spectral range of the continuum light source. Therefore, 
most of the lighting power is lost, and the strong lines from 
the arc overpower it in the high current phase. A long-wave 
pass filter at around 900 nm would integrate over a broader 
spectral range of the halogen lamp, use more of its power 
output, and still avoid most of the spectral lines of the arc. 

Nakamura et al. studied the effect of shielding gas on 
metal transfer stabilization in experimental multilayer solid 
GMAW wires using a halogen backlight (Refs. 3, 4). Wong 
and Ling also used a halogen light source coupled with a 
bandpass filter to study the effect of shielding gas on metal 
transfer in steel GMAW (Ref. 5).

Light-emitting diodes provide a cost-effective and low-
power consumption backlighting system. Figure 4 shows an 
example of controlled short-circuit GMAW (Fronius CMT) 
of 4043 aluminum in pure Ar illuminated with a 530 nm, 
60 W green LED with a 530 ± 10 nm NBP filter. Backlight-

Fig. 9 — He-Ne laser backlighting of GMAW of mild steel in globular transfer in Ar-35%CO2 (Ref. 37).

Fig. 8 — He-Ne laser backlighting with a 2 mW laser and NBP filter of GMAW of mild steel in free-flight mode in 
Ar-2% O2 (Ref. 17): A — Globular; B — Spray.

A B
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ing with lasers can also enhance natural radiation lighting 
videos (Ref. 6), for example, to better see the unmelted 
wire, which is unclear in Fig. 4.

Xenon backlighting is similar to halogen light sources and 
can produce excellent results due to its higher intensity and 
higher color temperature. Xenon has been used in aluminum 
and steel GMAW, steel flux cored arc welding (FCAW), and 
hybrid GTAW-assisted GMAW welding and brazing processes 
(Refs. 8–13). Figures 5 and 6 depict typical metal trans-
fer images utilizing a xenon backlight. Unfortunately, the 
references do not specify the filter properties or whether 
filters were used at all. Figure 5 shows xenon backlighting 
of GMAW of aluminum controlled short-circuit (Fronius 
CMT) transfer mode with pure argon shielding gas (Ref. 
14). Figure 6 shows xenon backlighting of a GMAW of CuSi3 
in free-flight metal transfer mode assisted with a GTAW arc 
in pure argon shielding gas (Ref. 15).

Metal-halide light sources operate similarly to halogen 
and xenon lamps (Refs. 16–18). Figure 7 contains images 
of free-flight GMAW taken with a mercury vapor backlight.

Laser Backlighting

Laser backlighting works on the same principle as visible 
light sources. However, key differences exist. Lasers con-
centrate their light in a narrow spectrum around a nominal 
wavelength, resulting in a very intense light source that can 
easily overpower the welding arc at the laser wavelength, 
in contrast to halogen/xenon/metal halide light sources 
with broader light spectra or multiple peaks. Lasers are 
available in various wavelengths, from visible light (e.g., red 
or green lasers) to near-infrared wavelengths. The choice 
of laser wavelength must be within the spectral sensitivity 
of the high-speed camera sensor and must avoid the wave-

Fig. 10 — Laser backlighting with a 100 mW 650 nm laser and NBP filter of 650 nm ± 1.5 nm of GMAW of mild 
steel in pulsed mode in Ar-20%CO2. Images correspond to a 540 A pulse (Ref. 44) steel in pulsed mode in Ar-
20%CO2. Images correspond to a 540 A pulse (Ref. 44).

Fig. 11 — Laser backlighting with a high-power 640 nm laser and a 640 nm BP filter plus ND on the camera of 
GMAW and plasma GMAW (Ref. 45).
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lengths of arc emissions as much as possible. Since lasers 
are monochromatic, they generate self-interference, which 
can be seen as “laser speckle.” This effect is visible in many 
examples, except when the background is overexposed.

Setup for Laser Backlighting

The laser backlighting equipment setup is similar to all 
other backlighting, with the laser placed opposite the high-
speed camera and the beam directed through the welding 
arc. Lasers are available with different beam diameters and 
often require laser-specific optics to best visualize the weld 
pool and metal transfer. Depending on the laser beam’s 
wavelength, collimating or dilating it can be difficult and 
can impact the total laser backlighting system cost. The cost 
of a laser system increases with power output and shorter 
wavelengths; visible lasers cost more than near-IR at equiv-

alent power outputs. Laser backlighting does not require 
powerful lasers, often less than 1000 mW, as most laser 
power is projected at the primary specified wavelength. At 
the time of publication, typical laser backlighting systems 
cost less than $2000, including laser, power supply, optics, 
and NBP filter. 

Because of the narrow spectrum of emission of lasers, 
they are ideally suited to be used with NBP filters of the 
same wavelength. When the laser wavelength avoids major 
spectral peaks of the welding arc and molten metal, the 
required laser power can be much lower than other light 
sources of broad spectrum, enabling the use of inexpensive 
continuous wave lasers (i.e., not pulsed) down to 2 mW. 
The shadowgraph image can be projected and focused on 
the camera sensor itself or onto a frosted pane of glass, as 
demonstrated by Soderstrom (Ref. 19).

Examples of Welding Imaging Using Laser 
Backlighting

The earliest use of laser backlighting involved He-Ne 
lasers with a visible light wavelength of 633 nm and a 
narrow full width half maximum, enabling good spectral 
responses when using film and early charge coupled device 
sensors. Allemand et al. built an early 2 mW He-Ne backlight 
system, including an NBP filter for studying metal transfer 
(Ref. 20). Zhang et al, Subramaniam et al., Soderstrom et 
al., and Jones et al., using the system outlined by Allemand 
et al., conducted thorough studies on GMAW metal transfer 
(Refs. 21–27) using He-Ne lasers. Scotti et al. used a He-Ne 
laser setup to provide an overview of various transfer modes 
in (Refs. 28, 29). Subramaniam et al. studied the effect of 
pulsing parameters on droplet size in pure argon-shielded 
GMAW with 4047 Al filler wire (Ref. 24). Soderstrom et al. 
validated the free-flight metal transfer mode during droplet 
calorimetry and characterized the metal transfer in Ar-CO2 
shielded GMAW with steel wires as thin as 0.4 mm (Refs. 
25, 30). Jones et al. studied the steel GMAW free-flight 
transition from globular to spray metal transfer in Ar-2%O2 
(Ref. 31). Figure 8 contains sample images from Jones et 

Fig. 13 — Underwater welding laser backlighting 
system used in Ref. 53.

Fig. 12 — Schlieren patterns in the overview of metal transfer modes using 2000 fps and 632.2 nm He-Ne 
backlighting (Ref. 28).
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al. during globular and spray metal transfer, showing good 
discrimination of the metal droplets from the welding arc.

The He-Ne laser backlighting system is very versatile, 
resulting in high uptake in research for metal transfer char-
acterization. Yuan-Mei et al. and Rhee and Kannatey-Asibou 
used a He-Ne laser backlight to study metal transfer in 
GMAW (Refs. 32, 33). Balsamo et al. designed a synchro-
nized data acquisition system for simultaneous collection 
of current and voltage signals with a 20mW He-Ne laser 
backlight with an NBP filter for metal transfer characteri-
zation (Ref. 34). Scotti et al. used the same system outlined 
by Balsamo et al. for analyzing the momentum of metal 
droplets in aluminum GMAW and the effect of out-of-phase 

pulsing on metal transfer in twin-wire GMAW (Refs. 35, 36). 
Figure 9 contains sample images from Alves de Resende et 
al., who studied the effect of CO2 and O2 on globular metal 
transfer in Ar-based shielding gas (Ref. 37).

The wide range of laser wavelengths has enabled 
researchers to work in different wavelength regimes (Refs. 
38–43). Mota et al. and Abdullah et al. described the design 
of an inexpensive lighting system that includes synchroni-
zation drivers utilizing 905 nm laser diodes (Refs. 38, 40, 
and 43). Zhang et al. used a 100 mW 650 nm laser with a 
650 ± 1.5 nm NBP filter to analyze metal transfer in pulsed 
GMAW and laser-hybrid GMAW, shown in Fig. 10 (Ref. 44). 

Fig. 14 — Laser backlighting imaging of repelled globular transfer in pulsed underwater FCAW (Ref. 53). The 
camera had a CCD sensor at a frame rate of 2000 fps; the laser wavelength and power were not specified.

Fig. 15 — Experimental setup for laser backlighting to capture metal transfer in SAW (Ref. 54).
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Mamat et al. used a high-power CAVILUXTM HF system 
(Cavitar) with a 640 nm wavelength pulsed diode emitter to 
visualize the taper formation in metal transfer for a plasma 
GMAW setup (Ref. 45). In conjunction with a 640 nm BP 
filter plus a neutral density (ND) filter on the camera, they 
overpowered the arc emissions and obtained the images 
shown in Fig. 11.

In most laser backlighting systems, the narrow spectrum 
produces the laser speckle effect mentioned in the section 
“Laser Backlighting.” Another visual effect is the “streaking” 
effect, which occurs in connection with small point-shaped 
light sources that radiate through a nonisothermal gas or 
plasma. The variation in temperature means a variation 
in the refractive index. This creates an irregular pattern 
of diffuse light and dark lines outside the shadow of the 
metal. These patterns are clearly visible, for instance, in the 
overview of metal transfer modes provided in Fig. 12. These 
“schlieren” patterns are affected by the motion of the gas 
and contain information about the fluid mechanics of the 
plasma. This type of analysis of the plasma during metal 
transfer is still in its early stages, and limited publications 
exist (Refs. 46–51).

A special case of laser backlighting was demonstrated in 
Refs. 52 and 53 for imaging the metal transfer in underwater 
FCAW. This setup moved a water tank containing the sub-
strate through the optical path between a stationary torch, 
a high-speed camera, and a laser emitter (see Fig. 13). The 
laser illumination used the principles of laser backlighting 
to reveal visual details such as arc length and droplet shape 
inside the bubble (see Fig. 14), which otherwise are difficult 
to capture underwater.

Fig. 17 — Frontlighting with a 150 W halogen source of pulsed autogenous GTAW of AISI 316L stainless steel in 
Ar-5%H2 for determining weld pool oscillation frequency. Peak current is 300 A and background current is 47 A 
(Ref. 55).

Fig. 16 — Laser backlighting of metal transfer in SAW 
at: A — 29 V 414 A; B — 35 V 495 A; C — 45 V 588 A 
(Ref. 54).

A

B

C
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Li et al. (Ref. 54) used a 300 mW, 650 nm laser as a back-
light to capture metal transfer in submerged arc welding 
(SAW) (Fig. 15). A section of stainless steel pipe was placed 
perpendicular to the welding direction to create an opening 
into the flux. The authors captured the images at a rela-
tively low frame rate of 2000 frames per second (fps). As 
a result of the intense activity and interaction of arc, fluxes, 
molten metal, and slag, especially at higher currents, the 
metal transfer was not imaged as clearly as in other welding 
processes (Fig. 16).

Frontlighting
Frontlight imaging works by adding supplementary light 

to the welding region facing the high-speed camera. This 
technique can reveal additional detail in regions emitting 
low amounts of radiation, such as the base material, welding 
electrode, and cooler regions of the weld pool. Successful 
frontlighting techniques require the reflected light intensity 
to be greater than the emitted arc and weld pool radiation. 
The efficiency of such a setup is low due to the scattering of 
the light in many directions. Therefore, a high-power output 
frontlight or a pulsed laser system synchronized with the 
high-speed camera are often required. 

This technique is ideally suited to study metal transfer and 
weld pool and slag movements across a variety of welding 
processes. The addition of light to regions of low emitted 

intensity, such as the weld pool or filler wire, can provide 
more information on weld pool flow velocity, powder flow in 
processes such as plasma transferred arc welding and laser 
cladding, and weld pool oscillations. It can also decrease 
the large dynamic range in pulsed waveforms or short cir-
cuit transfer and illuminate the weld pool while the arc is 
extinguished. Light sources can be in the visible spectral or 
the invisible range (typically near IR) as long as the camera 
is sensitive in this region. 

Fig. 18 — Frontlighting with a 2000 W halogen source of pulsed GMAW of ER70S-6 in Ar-5%CO2 for determining 
weld pool oscillation frequency. Peak current is 290 A and background current is 58 A (Ref. 55).

Fig. 19 — Frontlighting with a metal-halide source 
of weld pool solidification in Inconel 600 and AISI 
347 stainless steel when welding with a 2 kW Nd:YAG 
fiber laser. Optics in this case used microscope 
lenses (Refs. 57–59).
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The selection of an appropriate incident light wavelength 
to avoid overlapping with the spectral peaks of the weld-
ing process lowers the incident light power requirements. 
Utilization of filters, particularly narrow-bandpass, tailored 
to the incident light source, can eliminate extraneous light 
and enable the incident light to overpower the emitted arc 
light in that spectral range. The use of an NBP tailored to the 
light source also eliminates other molten metal radiation 
and arc spectral lines. A minor drawback of frontlighting is 
the formation of specular highlights on reflective surfaces, 
such as the molten droplets and the weld pool. Specular 
highlights appear as localized, saturated bright highlights.

Broad Spectrum Frontlighting

Frontlighting with halogen, xenon, LED, or metal-halide 
light sources is very difficult because of these sources’ broad 
spectrum and consequent high power density requirements. 
While the visible light sources listed previously are available 
in high power outputs, the power at specific spectral peaks 
is much lower.

Collimation of the light source to the region of interest 
focuses the light and improves the likelihood of overpower-
ing the arc. The light source must be placed near the same 
line as the high-speed camera to limit the number of shad-

ows in the image. Direct frontlighting, however, produces 
little discernible detail due to low contrast in the image. 
An angle of 10–45 deg from the camera direction typically 
provides appropriate contrast and detail.

Setup for Broad Spectral Frontlighting

The equipment for visible light frontlighting is relatively 
straightforward. In general, the frontlight’s power output 
has to be high (hundreds of watts and above) and be focused 
on the region of interest. Using an NBP filter at a character-
istic spectral peak reduces extraneous light from the arc 
and molten metal. If the region of interest has low reflec-
tance, the maximum frame rate might be low because of the 
exposure times needed. The cost of visible light frontlighting 
equipment and peripherals is relatively inexpensive and, at 
the time of publication, could be set up for under $2000.

Examples of Welding Imaging Using Broad-
Spectral Frontlighting

Yudodibroto extensively used halogen frontlighting with 
an ND filter to study the effect of pulsing parameters on 
weld pool oscillations in autogenous GTAW, cold wire GTAW, 
and GMAW, as shown in Figs. 17 and 18 (Ref. 55). In Fig. 18, 

Fig. 20 — Laser frontlighting with NBP filter (A), and natural radiation lighting with the same NBP (B) of GTAW in 
argon (Ref. 81). 

A B

Fig. 21 — Laser frontlighting with a 23 W, 930 nm laser and 930 ± 8.5 nm NBP filter of pulsed GMAW of 5356 
aluminum in pure Ar (Ref. 82).

A B C D E F
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it can be seen how the arc overpowers the frontlighting at 
3.0 ms. Wagner et al. employed four 250 W halogen lights 
with ND filters to observe Mg-alloy GMAW metal transfer 
(Ref. 56). The low reflectance and power of the halogen 
frontlighting did not overpower the arc, and the weld pool 
surface underneath was not visible to the camera during the 
background or peak current pulse periods. Figure 19 shows 
metal-halide frontlighting to observe weld pool solidifica-
tion with microscope lenses and 650 nm bandpass filters at 
500 frames per second during Nd:YAG fiber laser welding 
(Refs. 57–59).

Narrow-Spectrum Frontlighting

Narrow-spectrum frontlighting works on the same princi-
ple as broad-spectrum frontlighting. It employs collimated 
monochromatic LED light sources or lasers to target the 
beam in a small area. The narrow spectrum enables the use 
of NBP filters and much lower power sources, producing 

clear images of the metal droplets, electrodes, and weld 
pool. The emitter wavelength must be within the sensitiv-
ity range of the camera sensor and away from arc spectral 
lines. Frontlighting with narrow-spectrum light sources, 
particularly lasers, provides more flexibility to overpower the 
arc in various welding processes and shielding gases than 
visible light frontlighting. Furthermore, a narrow-spectrum 
lighting system capable of frontlighting can also be used 
as a backlight system, whereas the reverse is not true due 
to insufficient power outputs.

Using a laser to illuminate a region of interest extends 
beyond high-speed videography; for example, the laser light 
can be used to image the weld pool surface contour in real 
time. In this technique, a pattern of laser light is projected 
onto the weld pool surface, and reflections on the molten 
surface are captured on a nearby surface, providing suffi-
cient data to reconstruct the free surface of the weld pool 
in 3D (Refs. 60–79).

Fig. 23 — LED front lighting of weld pool flow pattern and slag formation. Frame rate was 4000 fps (Ref. 88).

Fig. 22 — Laser frontlight images of: A — GMAW in short-circuit of steel with band pass filter (Ref. 86); 
B — GMAW in free-flight of steel in Ar-20%CO2 with 808 nm laser and band pass filter (Ref. 84); C — LBW of 
stainless steel with a 1.5 kW laser (Ref. 87).

A B C
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Setup for Narrow-Spectrum Frontlighting

The equipment required for laser frontlighting is similar 
to that used in laser backlighting. Laser frontlighting sys-
tems incorporate a laser, focusing optics, and an NBP filter 
centered on the laser’s wavelength.

The power requirements for a successful high-speed 
video laser frontlighting system are much higher than those 
for laser backlighting. Lower power lasers, such as those 
below approximately 100 W of instantaneous power, are 
suitable for lower frame rate imaging (< 4000 fps) where 
exposure times provide sufficient collection time to form a 
properly exposed image. Lasers above approximately 100 W 
of instantaneous power are required when imaging at high 
frame rates (> 10,000 fps) or when short exposure times 
are essential to freeze fast-moving objects.

Commercially available lasers of sufficient power are 
available with continuous pulsed laser outputs. Continu-
ous wave lasers output a constant light intensity and can be 
costly at high power outputs. Pulsed laser diodes function 
by pulsing the power supply and the laser diode, increasing 
the instantaneous power output of the laser system. 

Synchronization of the laser pulses with the high-speed 
camera shutter ensures that the laser pulses occur when the 
shutter is open. With few commercially available systems, 
high-power requirements and potential synchronization 

equipment can be costly. A current commercial system, 
such as the Cavitar CAVILUZ HF system, features an 810 nm 
500 W peak power pulsed laser diode with a 2% duty cycle 
and pulse durations of 0.1–10 µs [Ref. 80]. The high power 
outputs and short laser pulse durations allow for frame 
rates of 100,000 fps. System costs for a complete laser 
frontlighting system capable of illuminating various welding 
processes at high frame rates can exceed $40,000, not 
including the cost of the high-speed camera. Using a laser 
of this power (often a Class 4) requires special laser safety 
considerations, especially as these lasers often operate at 
wavelengths that are invisible to the human eye.

Examples of Welding Imaging Using Narrow-
Spectrum Frontlighting

The effect of adding a high-power laser frontlight to over-
power the welding arc in GTAW is shown in Fig. 20 (Ref. 81). 
The weld pool is visualized clearly along with the tungsten 
electrode in Fig. 20A. For comparison, the same weld is 
visualized using only natural radiation lighting in Fig. 20B.

When applied to a consumable electrode process, 
narrow-spectrum frontlighting can provide clear and infor-
mative images with short exposure times to freeze motion. 
In Fig. 21, a 23 W 930 nm laser frontlight was used to illu-
minate pulsed GMAW welding with aluminum filler wire 

A

Fig. 24 — Laser frontlighting of GMAW in short circuit: A — Background current during droplet formation; B —
short-circuit and droplet transfer; C — arc reestablishment, with high arc currents overexposing the image.

B C

Fig. 25 — Laser frontlighting of GMAW of Ni-WC in Ar-2%O2. Free flight (A, B), and short circuit (C, D). Exposure 
time in A was 100 µs, resulting in overexposure. Exposure 1 µs in B, C, and D (Ref. 91).

C

BA

D
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(Ref. 82). The lower frame rates and low argon and molten 
metal spectral intensities at 930 nm allow a lower power 
continuous wave laser to frontlight the welding process.

Figures 22A and B contain additional sample images 
during short-circuit and globular transfer in GMAW using 
steel electrodes (Refs. 83, 84). Narrow-spectrum front-
lighting can be applied to analyzing welding defects such 
as humping, where the low emitted intensity of the weld 
pool may not provide sufficient light to properly image the 
region. Nguyen et al. studied the humping phenomenon 
in high current and fast travel speed GMAW using a 337 
nm pulsed N2 laser with an NBP filter (Ref. 85). Abdullah 
et al. compared types of lasers when imaging the GTAW 
process (Ref. 43).

Ahsan et al. used a monochromatic LED light source to 
illuminate the weld pool area and study the slag formation 
and weld pool flow (Ref. 88). The authors blocked the arc 
region with an unspecified mechanical device that avoided 
overexposure of the images and reduced the required power 
of the light source to illuminate the region of interest. Sam-
ples of the resulting images are included in Fig. 23, in which 
the mechanical device can be seen as a triangle in the top 
right corner of the images, with a fine blue line remain-
ing from the arc emissions. The overexposed bottom right 
corner in the image at 75.0 ms indicates that, without the 
blocking device, the arc emissions would have overpowered 
the LED illumination.

Insufficient emitter power when frontlighting can result 
in images with overexposed arc regions. Overexposure is 
typical during higher arc currents, such as those observed 
during pulsed metal transfer or the arc reignition period of 
short circuit transfer. The saturation of the camera sensors 
can prevent the imaging of the molten droplet or weld pool. 
Figure 24 contains sample images of overexposure from 
low-power laser frontlighting. The effect of saturation can 
also be seen in Wu et al., who used a non-specified diode 
laser in conjunction with a 500 ± 5 nm BP filter to capture 
metal transfer and fluid flow in the weld pool in paraxial 
hybrid keyhole plasma arc welding and pulsed gas metal arc 
welding (Refs. 89, 90). During the initial arc ignition of the 
trailing GMAW torch, the arc overpowered the illuminating 
laser, especially during connective arc patterns, and the 
metal transfer was visible only once the arc current dropped 
and the arcs separated or the GMAW arc extinguished.

Figure 25 shows high-speed images taken with a Cavitar 
CAVILUX HF system, demonstrating the ability of a high-
power laser frontlighting system to eliminate the bright 
arc during free-flight globular and short-circuit transfer of 
tubular Ni-WC wire GMAW hardfacing overlays for wear-re-
sistant applications (Ref. 91).

Frontlighting with a narrow-spectrum emitter is also one 
of the best ways to observe laser welding. Features of inter-
est during laser welding (e.g., keyhole formation) are often 
too close to the surface to be properly captured with back-
lighting techniques. Visible light techniques often involve 
a broad spectrum, and there might not be enough spectral 
separation from the welding laser. Choosing an illumination 
light source of a different frequency than the welding laser, 
together with an NBP filter, is typically the best approach. 
Figure 22C contains a sample image of autogenous laser 

welding on stainless steel (Ref. 87). Kawahito et al. used a 
30 W 980 nm diode laser, and Wang et al. and Le Guen et 
al. used an unspecified laser frontlighting to characterize 
autogenous laser and laser-GMAW hybrid welding with 
fiber and Nd:YAG lasers (Refs. 92–94). Chen et al. studied 
the effect of welding position on weld bead shape during 
laser-GMAW hybrid welding with a laser frontlighting system 
(Ref. 95). Phaoniam et al. and Liu et al. characterized the 
hot-wire laser welding process using 980 nm and 532 nm 
laser frontlight sources for fiber and Yb:YAG lasers, respec-
tively (Refs. 96, 97). Zhang and Gao placed a 25 W 980 nm 
laser diode source 45 deg relative to the high-speed camera 
equipped with a 960–990 nm BP filter to image the 1030 
nm disk laser weld pool (Ref. 98).

A special case of narrow-spectrum frontlighting is weld 
vision camera systems that include built-in laser illumina-
tion and a tailored filter system. Such systems include a 
Cavitar welding camera (Ref. 99) and are primarily intended 
for machine vision and process monitoring, similar to their 
non-illuminated counterparts (Ref. 100). Typical frame rates 
are approximately 70 fps, with some ability to increase it 
up to approximately 500 fps at lower resolutions via sensor 
cropping.

Summary of Advantages and 
Disadvantages

The most important advantage of frontlighting is that 
the intensity of reflected light can overcome the radiation 
from the arc. This is especially relevant in processes with 
a high dynamic range of light emission, such as GMAW in 
short-circuit metal transfer. Frontlighting is unique in pro-
viding a detailed image of the surfaces involved, especially 
of molten metal. Another advantage of frontlighting is to 
achieve enough light when the fast frame rates allow for 
short exposures, but the process does not emit much radi-
ation (for example, laser cladding).

The disadvantages of frontlighting are the need for addi-
tional equipment compared to natural radiation lighting. 
Typically, frontlighting is pulsed (strobe lighting; e.g., Cavitar 
system) to accommodate the high intensity of illumination 
during a frame while also keeping a lower average intensity 
of illumination that requires less powerful light sources (e.g., 
lower power lasers). Strobe lighting involves synchronization 
between the light source and the camera, which must be 
taken into account at the time of equipment selection, as 
some cameras are incompatible with some light sources. 
When coupling data acquisition with strobe illumination, the 
challenge of synchronization is even higher. Another disad-
vantage of frontlighting is that when the arc is only partially 
overcome, the visible shape of the arc is influenced by the 
lighting parameters; thus, conclusions about arc shape, size, 
or attachment are affected by lighting conditions.

The advantages of backlighting are the ability to overcome 
the arc and produce images with a large contrast ratio that 
can be more easily captured than with front or natural light 
illumination. This approach also enables the use of cameras 
of lower dynamic range. The above reasons made backlight-
ing a popular choice with film cameras. Because backlighting 
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is aimed directly at the camera (not reflected as in the case 
of frontlighting), lower power and more inexpensive light 
sources can overcome the arc; strobing is also seldom used. 
Small amounts of backlighting (that do not saturate the 
light and dark areas) can provide additional details that 
are hard to capture with natural radiation lighting, such 
as a silhouette of the wire in the metal transfer of GMAW.

The main disadvantage of backlighting is that it only 
provides a silhouette without information about surface 
features or the arc. Collimation of the laser source, lenses, 
and camera can be challenging in some cases, with lasers; 
interference can create visual artifacts such as bands or 
“speckles.” When using x-ray imaging, backlighting is the 
only lighting technique possible. The main application of 
backlighting with optical cameras is for metal transfer in 
wire-based processes.

Broad-spectrum light sources are less expensive than 
narrow-spectrum light sources (typically lasers); however, 
narrow-spectrum light sources have the advantage of pre-
serving their light intensity when using narrow-bandpass 
filters, which are very effective at eliminating the broad 
radiation from the arc. The disadvantages of narrow-spec-
trum light sources include the formation of interference 
patterns in backlighting.

Conclusions
Two of the most common techniques of high-speed 

imaging of welding have been reviewed in depth: back-
lighting and frontlighting. For both techniques, broad and 
narrow-spectrum lighting were discussed (lasers in the 
case of backlighting). In all cases, detailed descriptions of 
appropriate setups were provided together with examples of 
published practical implementations. The welding processes 
addressed include LBW, GTAW, GMAW, FCAW, and SAW.

Frontlighting is especially useful for processes with high 
dynamic range when information about the arc, such as 
short-circuit metal transfer in GMAW, is of secondary impor-
tance. Another important application of frontlighting is to 
reveal surface features in molten metal. Backlighting is less 
commonly used with modern digital cameras because it 
provides only a silhouette of the target phenomenon without 
information about surface features or the arc. Small amounts 
of backlighting can be complementary to natural radiation 
lighting to highlight features that emit insufficient light, such 
as the electrode extension in wire-based processes. Nar-
row-spectrum sources such as lasers are especially useful 
in combination with narrow-bandpass filters to eliminate 
natural or spurious sources of radiation.

The practical implementations reviewed in this paper, 
together with those for natural radiation lighting in Part 3 
and the fundamental concepts and quantitative guidelines 
provided in Part 1, should enable welding researchers to 
select the proper equipment, accessories, and parameters 
for high-speed imaging of a vast variety of phenomena in 
arc welding, laser welding, and associated processes such 
as additive manufacturing or cutting.
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