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Abstract—Despite the rise of robotic automation, manual
welding remains essential in modern manufacturing where flex-
ibility and precision are required, yet maintaining consistent
quality remains a challenge. This paper presents a prototype
system that uses peripheral visualization to deliver real-time,
non-foveal feedback on travel speed via dynamic LED cues
embedded in a welding visor. The system translates welding
movement into peripheral visual cues designed to support focus
and reduce visual distraction. In tests with both novice and
expert welders, the feedback improved speed consistency by over
30%, indicating strong potential for enhancing task performance
and training through subtle, low-cognitive-load feedback. While
tailored to welding, the findings highlight peripheral visualization
as a promising strategy for improving quality of experience in
attention-critical AR tasks.

Index Terms—visualization systems and software, visualization
techniques and methodologies, virtual and augmented reality,
sensor fusion, graphic rendering

I. INTRODUCTION

This paper explores how peripheral visualization can sup-
port consistent weld quality in both training and production
through a prototype system that provides real-time, non-foveal
visual feedback during manual welding. Although automation
has advanced, many welding tasks remain too complex or
variable for robots, making manual welding essential in small-
batch production, custom fabrication, and demanding environ-
ments [1].

To help welders follow Welding Procedure Specifications
(WPS), which define parameters for consistent, high-quality
welds, the system combines sensor-based spatial tracking with
real-time visual feedback. The aim is to improve quality,
efficiency, and ergonomics across skill levels.

Welding gun position and orientation are tracked using an
inertial measurement unit (IMU) and computer vision-based
3D tracking via SLAM [2]. From this data, parameters such
as travel speed, stick out, and gun angles are extracted (Fig. 1).

A selected subset of these parameters is presented via an
augmented reality (AR) interface embedded in the welding
visor (Fig. 2). The cost-effective LED-based display provides
ambient cues in the peripheral field, enhancing awareness
while minimizing interference with the primary task. The
system was evaluated as both a training aid for novices and a
performance support for experts, with additional benefits for
digitization and traceability.
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Fig. 1. Key welding parameters relevant for visual feedback, critical for
maintaining weld quality.

This paper examines how peripheral visualization, as im-
plemented in this prototype, influences user experience, task
support, and travel speed consistency — a key welding pa-
rameter. While developed for welding, the findings suggest
broader applicability of peripheral cues in attention-intensive
AR contexts, complementing foveal-focused work [3]. Like
ambient lighting in 2D displays, peripheral feedback may serve
as a low-distraction channel to enhance performance and user
experience in real-time AR systems.

II. BACKGROUND AND RELATED WORK

A. Peripheral Vision

Peripheral vision plays a central role in spatial awareness
and motion detection, operating outside the narrow field of
detailed foveal focus [4]. It is especially sensitive to motion
and contrast, but less effective for fine detail and color [5].
These characteristics make it well suited for ambient, low
cognitive load information [6], provided cues are noticeable
without causing distraction or prompting gaze shifts [7].

In general augmented reality (AR), peripheral vision re-
mains underused. Most AR systems focus on foveal overlays,
but peripheral cues can support situational awareness and task
engagement without interfering with the user’s primary focus.
This is similar to how ambient lighting enhances immersion
in multimedia environments. In recent years, more structured
research on peripheral vision in AR has emerged, supported
by improved evaluation tools [8].



B. Peripheral Visualization

Peripheral visualization builds on these principles by em-
bedding feedback in the user’s peripheral field of view. Unlike
conventional AR systems that rely on foveal overlays and
face challenges in doing so [9], this approach uses the visual
system’s sensitivity to contrast and motion to provide ambient,
unobtrusive cues. This complements research on situated vi-
sualizations, where data is presented close to related physical
objects or processes [10], [11].

The prototype developed in this study supports peripheral
feedback by delivering visual cues outside the user’s direct
line of sight. It conveys supplementary welding data, such as
travel speed deviations, through color changes, illumination
patterns, and movement dynamics that engage peripheral vi-
sion without drawing active gaze. Balancing informative cues
with the risk of unintended fixation remains a central design
challenge [12]. This approach enables real-time feedback
in attention-intensive manual tasks without disrupting visual
focus. Applied to welding, the prototype demonstrates how
peripheral visualization can serve as a lightweight and intuitive
feedback channel in AR systems.

C. Related work

While VR and AR have been widely used in welding
education to support psychomotor training in controlled en-
vironments [13], most approaches rely on conventional foveal
overlays, as introduced in early work [14]. Despite the increas-
ing use of AR and VR in industrial manufacturing [15], [16],
peripheral visualization remains largely unexplored, especially
in real-world welding focused on user experience and task
quality. A system for basic peripheral vision research was
presented by [8], offering useful insights for designing systems
like the one in this study, which lies at the intersection of
applied research and domain-specific evaluation.

IIT. AR SYSTEM DESIGN AND EVALUATION
METHODOLOGY

A. Hardware Design Considerations

To explore peripheral visualization in a real-world,
attention-intensive setting, several hardware options were con-
sidered. Augmented reality (AR) systems with foveal overlays
offered flexibility but were too complex and costly for harsh
welding environments [17]. Head-up displays (HUDs) were
also explored, but suitable development kits were unavailable
in the early stages of the project.

A more simple, robust solution was chosen: a rectangular
LED strip mounted around the edge of a standard welding
visor, as shown in Fig. 2. This setup was compatible with pro-
tective gear and harsh conditions while supporting the intended
peripheral cueing. Although lower in spatial resolution than
AR headsets, it enabled practical testing of real-time visual
feedback in situ.

The LED strip, based on the WS2812B standard, includes
16 individually addressable RGB LEDs spaced at 16.7 mm in-
tervals (60 LEDs/m). Each supports 24-bit color and brightness
control, allowing smooth transitions and a wide color range.
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Fig. 2. Visualization overview: (a) front visor view, (b) back visor view with
integrated LED panel, and (c) standalone LED frame unit.

A light diffuser was added to promote perceptual blending,
improving continuity across cues. Positioned close to the user’s
eyes but outside the direct field of view, the configuration
emphasizes peripheral perception and supports the study of
ambient, non-intrusive feedback.

B. Deriving Welding Parameters

While the prototype can support multiple welding parame-
ters, this study focuses on travel speed — critical for ensuring
weld quality.

Instantaneous velocity is computed from captured position
changes and converted to travel speed (cm/min). To reduce
sensitivity to minor hand movements, the signal is filtered
and downsampled to a stable effective speed at 10 Hz. Travel
speed error is defined as the deviation from the reference value
defined in the Welding Procedure Specification (WPS), with
a typical tolerance margin T = 25%. Deviations within a
dead zone are ignored; the rest are normalized, scaled by a
sensitivity factor, and mapped to a standardized range [—1, 1]
that controls the visualization modes used during welding.

Accuracy was validated in two phases: first through calibra-
tion against robotic welding at known speeds, then through
manual welding trials with intentionally varied movement.
The results confirmed the method’s suitability for real-time
feedback.

C. Peripheral Visualization Modes

To translate travel speed deviations into perceptually mean-
ingful visual cues, four peripheral visualization modes were
implemented. These were based on known characteristics
of peripheral vision; including its sensitivity to motion and
contrast, and its limited color and spatial resolution [6]. Table I
summarizes the main attributes of each mode.

TABLE I
SUMMARY OF PERIPHERAL VISUALIZATION MODES

Cue

Mode Type Dir. Temp. Description
Frame shifts red/green;
Full-Frame Color No No brightness reflects magnitude.
Split-Frame Cf)lor Yes No Left/right separate halves
Spatial low based on error sign.
Color LEDs sweep around frame
Speedometer Spatial high Yes Yes to show error and magnitude.
. Color LEDs build up over time
Accumulation Spatial high No Yes with sustained errors.




All modes use the same normalized error value, enabling
direct comparison across feedback strategies. Although opti-
mized for welding, they also serve as early design probes for
structuring non-foveal AR feedback more broadly. Additional
modes were explored but are beyond the scope of this paper.

D. Evaluation Methodology: Quality Metrics and User Feed-
back

Quantitative evaluation of weld quality used the standard
deviation of effective travel speed, calculated from filtered and
downsampled position data at 10Hz [18]. This measured con-
sistency under different visualization conditions. Qualitative
evaluation was based on short interviews and observations,
where welders freely described their experience with the
system. Responses were used to identify perceived benefits,
challenges, and usability aspects, which will guide a future
extended usability study aligned with previous literature [19].

IV. EXPERIMENTAL RESULTS
A. Qualitative Analysis

The system was tested through workshops and site trials
after initial validation of sensor tracking accuracy in a research
institute’s joining lab using both robotic and manual welding.
Later tests involved students and instructors at a welding col-
lege, university engineering students, and experienced welders
at an industrial contract manufacturer and a global manufac-
turing company.

Perception of the visualization modes evolved during the
workshops. Full-frame mode was polarizing: some appreciated
its clarity, while others found the flashing red and green
distracting. Speedometer mode offered a more balanced and
intuitive alternative, though one intermediate welder preferred
red as a prompt to speed up rather than the intended green,
highlighting the need for intuitive design and individual cali-
bration. As a result, Speedometer mode was used in the pilot
study.

Only male users participated in the pilot study, unlike
the workshops and site trials, which also included female
welders during formative testing. Users were grouped into
three categories: beginner, intermediate, and expert. Beginners
(02 years of experience) are typically recent graduates of
training or apprenticeships, still developing core techniques
and manual consistency. Intermediates (3—7 years) are fully
productive, skilled in common processes and positions, and
able to work independently. Experts (8+ years) have advanced
mastery across methods and settings, often taking on special-
ized, supervisory, or educator roles.

User feedback from the pilot study showed varied reactions
to the peripheral visualization. Beginners found the system
engaging and felt it could ease their learning curve. They often
achieved more consistent speed ranges, though sometimes
at the expense of torch positioning, highlighting the need
to balance visual cues with attention to parameters not yet
visualized. Welding instructors saw the system as a valuable
intermediate training tool for teaching beginners, bridging VR
simulators and hands-on practice by combining performance

data with real-world exposure to heat, smoke, and molten
metal.

Experts found the system challenged their established mus-
cle memory. Some initially struggled to reconcile ingrained
welding rhythms with the real-time cues, underscoring the
need to calibrate feedback to user skill and support adaptation
to new workflows.

B. Welding Quality

During the pilot test, a 5 cm one-sided tee joint weld
was performed with and without the Speedometer mode vi-
sualization. The peripheral visualization reduced travel speed
variation by over 30% for both beginners and experts, demon-
strating its potential to improve weld consistency, as shown in
Table II.

TABLE II
STANDARD DEVIATION OF TRAVEL SPEED WITH AND WITHOUT
VISUALIZATION USING SPEEDOMETER MODE WITH Sggr = 30 CM/MIN
AND T = 4+25%.

. SD w/o SD with
UID | Age | Experience vis. [cm/min] | vis. [cm/min] Change
1 46 Expert 10.1 6.9 -31.7%
2 50 Expert 8.0 5.4 -32.5%
3 31 Beginner 23.0 14.9 -35.2%
4 68 Intermediate 15.3 25.6 +67.3%

The performance results support the potential of peripheral
feedback. Reduced speed variation suggests a notable improve-
ment in consistency and, by extension, weld quality. However,
the intermediate user mentioned earlier showed a 67% increase
in variation, indicating that visual feedback must align with
user interpretation, task familiarity, and individual differences
in visual acuity and color perception to be effective.

V. DISCUSSION AND CONCLUSION

This pilot study showed that peripheral visualization can
support welding performance across experience levels by
providing real-time, low-cognitive-load feedback on travel
speed. Both novice and expert welders demonstrated improved
parameter adherence, highlighting the potential of non-foveal
cues in AR. The system functions as a practical test bed for
peripheral feedback in welding and may apply to other tasks
that demand situational awareness and focus. Key success
factors included visualization mode design, user adaptation,
and workflow alignment. Future work will explore sensor
miniaturization, higher LED resolution, additional visualiza-
tion modes, and long-term user studies evaluating cognitive
load using tools such as the NASA Task Load Index (NASA-
TLX).
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