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Figure 1: (a) Small parts are visualized in-situ for augmented reality instructions, supported by a magnification lens that shows
an enlarged view of the environment and of the augmented instructions. (b) We magnify the user’s real view and the associated
virtual instructions to assist with the localization and visibility of small details.

ABSTRACT

Small-scale objects that are difficult to see or distinguish from their
surroundings are common in assembly and maintenance proce-
dures. Augmented reality (AR) instructions involving such small
parts may be difficult to perceive and lead to misinterpretations.
This paper explores the use of AR magnification visualizations for
small-scale instructions. Through an iterative design process and
evaluation, we examine how magnified AR views impact user be-
havior, visual attention, and subjective perception in the context of
AR instructions. Our findings demonstrate that live AR magnifica-
tion assists task guidance, providing a strong foundation for future
work on AR-assisted instruction and precision interaction design.

Index Terms: Augmented reality, visualization, instructions, mag-
nification.

1 INTRODUCTION

Augmented reality (AR) guidance systems typically overlay dig-
ital information directly onto physical objects. Previous work
has demonstrated clear advantages of registered AR visualizations
over non-registered instructions [23]. However, research has fo-
cused mainly on medium to large objects, such as toy construction
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bricks [27, 6], vehicles and industrial objects [23, 30, 38], or house-
hold appliances [42]. The challenges of providing AR instructions
on a small scale, when manipulation tasks involve physical compo-
nents that typically require millimeter-scale precision, remain un-
derexplored. We address this important research gap, as even minor
inaccuracies in instruction details can lead to errors or ambiguities.

For example, screws or small electronic components are part of
many assembly and maintenance procedures and are notoriously
difficult to identify or place accurately. The challenges of working
at small scales are further increased in narrow work areas, such as
circuit boards, which are densely packed with visually similar com-
ponents. Magnification offers a potential solution for working on a
small scale. Previous work has explored digital magnification tech-
niques that enlarge the real-world view using an AR head-mounted
display (HMD), for instance, to improve vision for medical profes-
sionals during surgery [34, 24] or for people with visual impair-
ments [43]. However, these techniques are designed to help with
perception, and the experience of interacting with a live magnified
view while also receiving guidance has not yet been considered.

In this paper, we describe an AR magnification lens that en-
hances the visibility of small physical objects and corresponding
augmented instructions (see Figure 1). Spatial proximity between
the magnified view and the real-world location facilitates mental
linking of the zoomed-in view with the corresponding work area.
Unlike pre-rendered magnified virtual views [12, 13], we use the
AR headset’s camera to provide a live view with continuously up-
dated magnification from the user’s perspective, integrating AR in-
structions with a zoomed-in view of the user’s hands and tools.



The design of our AR magnification lens is based on a series of
formative studies and a user evaluation. The formative studies en-
abled us to fine-tune the lens visualization based on insights from
users experiencing the combined magnification and instruction vi-
sualizations. We also distilled AR hardware requirements directly
from user feedback and observations. The refined design was eval-
uated in a controlled user study (N=24) assessing both objective
performance (task completion time, error rates, gaze behavior) and
subjective measures (workload, usability, user preferences). Our
experimental tasks are representative of real-world scenarios in-
volving fine-grained repair procedures, thereby ensuring reasonable
ecological validity of the collected insights.

In summary, our work makes the following contributions:

* We explore the design space (visualization style, display tech-
nology, overall user experience) of AR magnifications for in-
struction delivery while performing tasks at a small scale.

* We present insights from a series of formative user studies
that lead to a novel live AR magnification lens design.

* We present the implementation of our lens design and its val-
idation in a formal user study.

Based on the results of the formal user study, we put forward
design guidelines for integrating AR magnification lenses
with AR instruction systems.

2 RELATED WORK

Research on AR for instructional support has gained significant
attention due to its potential to enhance user experience and effi-
ciency in various tasks. AR instructions have been demonstrated to
improve over video instructions [48] and common 2D instruction
manuals [35] by reducing cognitive load [49], errors [45] and the
time needed to localize parts [23]. However, as the effectiveness
of visual instructions, magnified or not, commonly depends on the
visualization used to communicate them, we first review visualiza-
tion techniques for AR instructions before discussing related work
on AR lenses and AR magnification.

2.1 Visualizations for AR instructions

AR instructions often include 3D-registered guidance cues to help
users understand spatial relationships and task sequences [19].
Early work [15, 23] demonstrates how AR instructions can be inte-
grated into the environment. Overlaying visualizations at the object
location in a see-through display leads to faster localization and less
head movement compared to a 2D screen. Other recent work [9] has
examined AR as a support tool for assembly training, highlighting
its benefits in industrial scenarios and demonstrating how spatially
aligned instructions can support manual processes [10].
Subsequent research focuses on comparing visualization styles.
Khuong et al. [27] compare wireframe overlays with side-by-side
visualizations for assembly, reporting better performance for side-
by-side views with solid rendering. This result is attributed in
part to limitations in tracking accuracy, which affect the quality
of the registration. Later studies revisit this question. The work
by Blattgerste et al. [S] compares multiple visualizations for LEGO
assembly instructions: 3D in-situ, 2D in-situ, 3D wireframes, and
side-by-side. The findings indicate that in-situ views outperform
side-by-side approaches, with static 3D in-situ overlays perform-
ing best. Jasche et al. [25] compare semi-transparent mesh over-
lays with simplified wireframes, with optional explanatory videos.
Results show that semi-transparent meshes reduce error rates and
that the videos improve usability, particularly for complex assem-
bly steps. Similarly, LaViola et al. [30] compare in-situ AR, 3D

side-by-side AR, and paper instructions in scenarios involving oc-
cluded objects. The findings show that AR visualizations outper-
form paper instructions and that in-situ visualizations outperform
3D side-by-side views in terms of completion time.

While these studies provide a foundation for AR-assisted assem-
bly, there remain gaps in understanding the optimal types and com-
binations of visualizations for different types and sizes of objects.
Our work builds on prior research, but focuses especially on object
assembly tasks involving small parts and fine details. As our base-
line visualization style, we adopt the commonly used overlays of
semi-transparent meshes [25, 30].

2.2 Lenses and magnification in AR

The magic lens paradigm, introduced as a see-through 2D interface
by Bier et al. [4], overlays a widget that reveals new information
about objects, showing detail and context at the same time. Ap-
plied to AR and virtual reality (VR), Looser et al. [32] propose a
hand-held lens for virtual content, revealing details or providing
magnification. Later, they present a tangible device that acts as a
magnification lens for selective viewing of augmented content [33].
Kalkofen et al. [26] introduce a magic lens for overlaying contex-
tual details on real objects in a lens.

Most magnification approaches either digitally enlarge the video
texture or optically enlarge the real world. Kiss et al. [28] visualize
microscope images on AR displays and investigate their placement.
To magnify the user’s view, optical enlargement can use a physical
magnifying lens mounted on a headset [37] or bring the camera
closer to the object. For example, a finger-mounted camera can be
used to enlarge text for accessibility purposes [43, 44]. An alterna-
tive for magnification is an approach which replaces the real-world
view with realistically rendered virtual content inside the lens [12].
This approach can provide superior resolution and contrast, but are
restricted to static views only, as moving physical objects or un-
known scene elements are not visible in the magnification.

Live video magnification lenses have been proposed for medi-
cal applications, where head-worn surgical loupes are already com-
monplace. For example, five surgeons tried a video-based mag-
nification lens placed between their view and the target area on a
patient [34]. While dissatisfied with the video quality, participants
expressed a positive response to the use of the lens. Ilo et al. [24]
propose another magnification lens and evaluate it in a study with
six surgeons. Their implementation magnifies the entire view of the
video see-through (VST) headset. The prototype led to poor usabil-
ity scores due to device limitations (bulky, low resolution, no stereo
vision), but surgeons appreciated the gaze interaction for zooming.

Similar VR magnification lenses (or “loupes”) have been used in
the dental domain [13], where magnification has been shown to im-
prove upper body posture [7, 2]. Dastan et al. [13] describe a lens-
like VR widget for drill positioning that presents entirely virtual
content within the magnified view. This approach requires precise
tracking to register the virtual lens content with the real world, and
also occludes the real world. Another application of AR magnifica-
tion involves the human body [11], where body parts are segmented
and magnified. This work focuses on the perceptual augmentation
of a segmented scene element, whereas instructional magnification
supports object perception within the workspace, with the user per-
forming interactions within the magnified area.

Magnification of the user’s view in an AR interface in a broader
context was investigated by Schubert et al. [40], who considered
three aspects: window UI, vergence distance, and scale factor UL
Their findings indicate that users prefer situated magnification win-
dows over hand-controlled alternatives, as they require less effort.
Furthermore, they found that repeatedly switching vergence be-
tween the real world and closer virtual content resulted in higher
fatigue levels. In our work, we focus on spatially situated magnifi-
cation in an instructional context for bi-manual object manipulation
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Figure 2: System overview: The in-situ instruction is displayed in the user’s HMD. (a) In addition, an RGB stream from the HMD camera is
captured. (b) The region of interest (ROI) is extracted at the projected location of the current instruction, (c) which is also rendered through a
calibrated virtual camera. (d) Both images are combined and shown in the magnification lens.

tasks such as assembly or maintenance.

Magnification in VR has been used for precise target selec-
tion [50, 39]. These interaction techniques focus on purely virtual
elements rather than understanding the real world in AR. Having
control over the appearance of the VR world, the optimal interac-
tion is very different from the AR scenarios on which we focus.

Our work moves beyond previous work by investigating magni-
fication support for users manipulating real objects while consider-
ing small-scale AR instructions. We explore the presentation style
of the instructional content and the overall design of the user expe-
rience. Guided by formative user studies, we iteratively refine and
improve the design of the proposed AR lens visualization before
validating it in a formal user study.

3 SYSTEM OVERVIEW

Our system addresses the challenges of presenting AR instructions
in small-scale scenarios. At the intended small scale, conventional
visualizations fail to provide sufficient visual detail. To avoid this
limitation, we designed an instructional system that combines spa-
tially registered guidance with a digital magnification lens.
Therefore, from an initial analysis of the problem domain, we
formulate several design goals. Since visual augmentations within
AR magnification lenses have not been studied in related literature,
we explore different visualization styles to gain insights about their
usage in magnification lenses for small-scale AR instructions.

3.1

Detail magnification AR instructions for small-part assem-
blies often lack sufficient visual detail to distinguish nearly iden-
tical parts or identify small features within larger components. To
address these challenges, we introduce a magnified view of the real-
world target area overlaid with registered instructions, as illustrated
in Figure 2. The visualizations support users in localizing small
components and understanding the associated instructions. We de-
signed our system to enhance the clarity and visibility of visual
information without cluttering the user’s view.

Design goals

Aligned perspectives Following best practices set forth by
previous work [17], we align the magnified view with the user’s
view. We take into account that users continuously shift their gaze
while working and stabilize the magnified viewpoint on the current
area of interest, thereby avoiding interruptions to the workflow.

Spatial coupling We aim to seamlessly integrate instructions
with real-world elements. All instruction steps are visualized as
AR overlays registered on or near corresponding real-world objects,
as we try to avoid frequent focus shifts between real and virtual
content placed at different depths, following Schubert et al. [40].

Spatially coupling the magnification lens with the physical world
items ensures that users can always access the detail view without
shifting their attention too far from the task area, while keeping the
virtual objects consistently visible.

3.2 Visualization styles

Semi-transparent mesh  Similar to the in-situ visualization,
augmentations in the magnification lens are displayed as 3D
meshes. See Figure 3c for an example.

Outline rendering  This style highlights augmentations by ren-
dering the outline of the object. Outlines are less obstructive than
meshes, ensuring visibility of the physical structures. See Figure 3d
for an example.

Adaptive transparency Using the hand tracking features of
the headset, this visualization dynamically reduces the opacity of
augmentations shown in the lens, thereby reducing occlusion as the
user’s hands approach the target area. See Figure 3e for an example.

Animated mesh In this style, we render animated instructions
that mimic object movement over time, thereby showing processes
(e.g., object insertion) and geometric hints (e.g., mounting direc-
tion). See Figure 3f for an example.

3.3 Implementation

We chose an HMD as the target platform to enable bi-manual inter-
actions, allowing users to perform assembly or maintenance tasks
effectively. The magnification feature utilizes the HMD camera’s
outward-facing live video feed. Our magnification method first
identifies the region of interest (ROI) in the video feed as texture
coordinates based on the projected locations of the spatially regis-
tered augmented instruction in world space (Figure 2a). The video
texture within the ROI is then scaled to 120% to magnify its view.
To handle cases where the ROI moves out of bounds of the video
texture, a clamp function is applied to prevent rendering artifacts.
The result is a magnified portion of the real-world view (Figure 2b),
which is centered on the area of interest as long as it is present in
the camera view, even if the user is not looking directly at it.

We access the camera’s intrinsic and extrinsic parameters, which
describe the camera’s optical characteristics and pose in space, from
the headset API. A virtual camera is placed in the same position as
the real-world camera to render the augmentations from the same
perspective as the real-world elements (Figure 2c). The virtual
camera renders the augmented instructions with a transparent back-
ground overlaid on the magnified video stream in the lens (Fig-
ure 2d) , using the intrinsic parameters of the real camera.

The implementation places the lens in the spatial proximity of
the manipulation area, at approximately the same vergence depth
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Figure 3: Overview of conditions in the first formative study. The study explored visualization styles for magnified instruction augmentations
of a screw position on an engine block, within the AR lens. Conditions included: (a) lens disabled, (b) lens enabled (no augmentation),
(c) semi-transparent mesh, (d) outline, (e) adaptive transparency, and (f) animation.

as the real part, allowing participants to approach the workspace as
needed. This allows users to view both the in-situ augmentation
and the magnification at the same time, similar to previous work on
the placement of video instructions in AR [48]. Alternatively, the
magnified view can be placed directly in front of the real object,
effectively mimicking a physical magnification lens [24].

We implemented the magnification lens for the Meta Quest 3, a
video-see-through (VST) headset, and the MagicLeap 2, an optical-
see-through (OST) headset, using Unity3D v2022.3.60f1. To ac-
cess the pass-through camera feed, Meta Horizon OS must be at
least v74. We simplify the authoring of instructions for our evalu-
ations with a JSON format to represent tasks. Each JSON snippet
encodes the task definition, step order, and part metadata, including
the visualization style and magnification parameters.

4 FORMATIVE STUDIES

We conducted two formative studies to iteratively inform the design
of the AR magnification lens for assembly tasks involving small
parts. We focused on identifying effective visualization strategies
for the augmented magnification view and understanding how dis-
play technology influences the usefulness of the magnification, in-
forming the design of the final system and its evaluation.

We recruited participants via flyers, online posts, and word-of-
mouth. All studies were approved according to the guidelines of
the ethics review board of Graz University of Technology.

4.1 Visualization style

In the first formative study, participants (N=0, ages 24-44,
mean (M)=32.7, standard deviation (SD)=6.8) completed guided
assembly tasks using in-situ instructions displayed on the Meta
Quest 3, with and without a magnification lens. This study qual-
itatively explored how the different visualization styles (subsec-
tion 3.2) affect user preference during assembly tasks involving
small objects. Participants inserted a series of screws into an engine
block. We evaluated six visualization conditions for the magnifica-
tion lens, including variations in rendering styles and transparency
adaptations (Figure 3). After each condition, participants provided
qualitative feedback in semi-structured interviews.

User feedback 1In general, users commented positively about
following the magnified instructions. One user noted that the visu-
alizations helped since “you have to be very precise to hit the right
hole”, while another used the lens to “get a detailed view of [a]
more hidden position or trickier position”. One participant partic-
ularly appreciated that the lens view is a live video magnification
that changes with one’s head pose rather than a static image, stating
“I changed my head position to adjust the lens view, so I can see
the zoom view clearly. It’s much better to see it [in] the lens view”.

The magnification view without augmented instructions (Fig-
ure 3a) was by far the least preferred option. While standard in-
situ overlays were reportedly sufficient to locate the general target
area, they seemed to lack the visual clarity needed to verify correct
placement and component contact confidently. The magnification

lens was consistently described as helpful, particularly for inspect-
ing fine details and confirming correctness after an action was per-
formed. Users struggled to follow the progress of the task using
only the in-situ visualization, without the magnification lens. One
participant noted that when the “screw is overlaid, [they could] not
make out if there is a gap between the head of the screw and the
machine”. Another user having identified the same issue noted the
benefit of the adaptive transparency as a solution in that “with the
adaptive transparency, I can see this problem going away”.

Participants strongly preferred magnified views, with adaptive
transparency (Figure 3e) ranked highest, as it reduced occlusion of
the target area during hand manipulations, while also maintaining
the visibility of the instructional cues.

Limitations of the VST headset Observations and user feed-
back indicated that participants tended to naturally alternate their
attention between the magnified view and the in-situ augmentation,
using the lens as a complementary aid rather than a continuous pri-
mary view. Furthermore, we observed that the limited VST reso-
lution and related image distortions reduced the visibility of small
parts. According to one participant, “the resolution of the head-
set makes it a bit tough to actually see the hole”, while another
said they could “see the lens visualization helping with really small
holes that [they] would not be able to make out with the [...] video
see-through”. These results indicate that the VST resolution of the
Meta Quest 3 aggravated the issue of interacting with small parts
in AR, while the magnification lens provides a solution to improve
visibility of smaller, low-resolution parts. This finding prompted
a follow-up study comparing VST and OST headsets to assess ro-
bustness across display technologies. Participants also suggested
that the lens would be more valuable for complex assemblies.

4.2 HMD comparison

In the second formative study, we investigated whether display
technology influences the effectiveness of the magnification lens.
Following feedback from the first formative study, we created a
more challenging scenario. Participants (N=_8, ages 23-56, M=31.6,
SD=10.6) performed a more demanding wiring task that required
inserting small jumper wires into closely spaced connectors (Fig-
ure 4), as closely spaced identical connector pins require high
awareness of geometric alignment. The participants alternatively
used a Meta Quest 3 and a MagicLeap 2 headset. We chose the
MagicLeap 2 because its OST display allows users to perceive real
objects directly at full retinal resolution. The study followed a
within-subject design with four tasks for each of the four condi-
tions, {VST, OST} x{magnification, no magnification}. For all
tasks, we used in-lens visualization with adaptive transparency,
which was the clear favorite in the first formative study. Partic-
ipants again provided subjective ratings after each condition and
shared qualitative feedback during interviews.

User feedback When asked about their preference, partici-
pants consistently preferred the conditions with “the zoom option”,



Figure 4: The small-scale object used in the second formative study
(right), comparing different display technologies (left). Participants
connected jumper wires between predefined pins on control boards
and a small breadboard.

with one noting that “it’s cooler, and a bit clearer”. Most users
preferred the MagicLeap 2, as it enabled better perception of fine
details due to the unmediated optical view. In contrast, several crit-
icized the Meta Quest 3’s video passthrough, remarking that “it is
very hard to see a fine view” using the VST headset. As in the first
formative study, one participant noted that the magnification lens
compensated for these limitations, stating “now I have the window,
which is nice, because it compensates the [video quality]”. Partic-
ipants also praised the MagicLeap 2’s camera, describing the mag-
nification lens as “much sharper”, while another said that the VST
version was “a bit blurred”. The narrower field of view of the OST
headset was not reported as problematic. Overall, the OST head-
set received more positive feedback for both the real view and the
magnification lens. In terms of display technology, five out of eight
users preferred the OST headset over the VST headset.

Participants reported combining in-situ visualization with the
magnification lens during task execution, switching their focus be-
tween the two as needed. Many reported using the magnification
lens to distinguish details in the mounting position. Some reported
using magnification to verify the correctness of completed actions,
as one user stated, “T used it mostly to be sure that where [I was]
putting it was correct”, describing the lens and in-situ augmentation
as complementary, as “one would confirm the other”. Similarly, an-
other participant said they used the lens to check for correctness,
“because the details were clearer in the magnifying [lens]”.

Users praised the effectiveness of the magnification lens for
the more complex wiring task. The increased visual clarity pro-
vided was perceived as helpful in identifying small components
and mounting points. One participant commented that “especially
for more detailed tasks [...] where there are multiple small options
where [they] could put the thing, it’s easier to see the differences
between the tiny details”. Participants enjoyed the magnification,
even if they did not use it at all times. One user explained, “I would
probably enable it even if I didn’t use it the entire way” and “it’s
more of a nice [option] to have and especially when it comes to
such detailed, small, specific things, it’s a bit easier”.

4.3 Findings

Insights from the formative studies directly informed the design of
the final magnification lens and the validation study.

Magnification benefits for unmediated view Across tasks
using a VST headset, participants reported difficulty identifying
small components due to the limitations of the video-mediated
view. At the same time, participants emphasized the benefits of an
OST display and consistently expressed a preference for the com-

bination of an OST headset and the magnification lens, indicating
that magnification can provide additional value even when natural
vision is available. Based on these observations, we selected the
MagicLeap 2 for the final experiment to isolate the effects of mag-
nification without being confounded by video passthrough quality.

Small-scale complexity Compared to earlier tasks with
clearly defined mounting locations, the small-scale wiring task in-
troduced multiple small target points in close proximity, increas-
ing ambiguity and visual complexity. This task better reflects real-
world precision assembly scenarios and was therefore retained for
the final evaluation.

Adaptive semi-transparency Feedback of the participants
further revealed the importance of keeping the augmented instruc-
tions into the view of the magnified lens, and one user stated that
when “try to put the wire, the virtual object disappears”. In re-
sponse, we refined the adaptive transparency behavior so that, in-
stead of becoming fully transparent as the user’s hand approaches
the target, the overlay now fades to 14% opacity to ensure visibility
of the instruction and avoid full occlusion of the target area.

Focus shifts Users appeared to alternate their attention be-
tween the magnified view and target area depending on the task
phase, using the lens primarily for inspection and verification rather
than continuously. To capture these focus shifts, we tracked eye-
tracking data to analyze gaze behavior and lens usage over time.

Flexible placement of magnification Finally, some users ex-
pressed a desire for control over the spatial placement of the magni-
fication lens. This feedback motivated the exploration of different
lens placement strategies, including positioning the lens adjacent to
the target area and directly in front of it, analogous to magnification
practices in medical and dental contexts.

5 USER STUuDY

While the formative studies provided insights into individual design
parameters, they did not assess the combined effects of these design
choices on task performance, usability, and user experience. We
therefore conducted a within-subject experiment comparing three
instructional conditions: performing the task without magnification
support (Figure 5a), using a live magnification lens (Figure 5b),
and using a magnification lens showing a head-tracked “virtual
view” (Figure 5c¢). The virtual view resembles a virtual lens vi-
sualization [12, 13] of magnified content that has been prepared
beforehand. The study was approved in accordance with the guide-
lines of the ethics review board of Graz University of Technology.

5.1 Study design

We defined the Magnification variable with three conditions:
DL: magnification lens disabled, in-situ AR instructions only

EL: magnification lens enabled, showing the live headset camera
view, including in-situ AR instructions

EV: magnification lens enabled, showing the virtual rendering, in-
cluding in-situ AR instructions

The EL condition represents the final AR magnification design
derived from the formative studies. It shows a live camera view with
instructions rendered inside the lens and uses adaptive transparency
to reduce occlusion as the user’s hand approaches the target. The
EV condition shows a magnified digital twin of the object, updated
with head motion and using adaptive transparency, but does not dis-
play the user’s hands or the manipulated physical object.

We used the task from the second formative study. Participants
were instructed to complete four wire insertion tasks between con-
trol boards and a breadboard. Wire locations were selected such
that previously placed wires did not provide placement cues.



(a) Condition DL

(b) Condition EL

(c¢) Condition EV

Figure 5: The three conditions of the final user study were (a) disabled lens (DL), (b) enabled magnification lens with live view (EL), and
(c) enabled magnification lens with head-tracked virtual view (EV). Screenshots were captured from the video feed of the MagicLeap 2 and

adjusted for visual accuracy.

5.2 Hypotheses

Following insights gained from our formative studies, as well as
prior literature on task assistance, we formulated the following hy-
potheses to guide the evaluation in our user study. These hypotheses
address not only user preference but also behavioral measures, task
performance, and subjective workload.

H1 Participants will prefer conditions with an enabled magnifica-
tion lens (EL, EV) over no magnification (DL).

H2 Due to the zoomed view of the target, participants will move
their view closer to the object without a lens (DL) than with
either magnification lens (EL, EV).

H3 Task performance will improve, with fewer errors when either
magnification lens (EL, EV) is used compared to DL.

H4 We expected better usability and lower task load when either
magnification lens (EL, EV) is used compared to DL.

We measured objective performance as task completion time (TCT)
for each assembly step and pin placement error rates. To assess be-
havioral effects, we recorded head movement and eye-tracking data
using the headset’s position and the built-in eye tracker of the Mag-
icLeap 2, tracking fixations on the magnification lens, the task ob-
ject, and the surrounding environment. As subjective data we mea-
sured task load (NASA-TLX) [22], usability (SUS) [8], and user
experience (UEQ) [29] using standard questionnaires. After com-
pleting all conditions, we conducted a semi-structured interview.

5.3 Procedure

We recruited 24 participants who had not taken part in the forma-
tive studies through flyers, online posts, and word-of-mouth. Par-
ticipants were between 21 and 55 years old (M=31.04, SD=8.68),
with eight identifying as female and 16 identifying as male.
20 participants had normal or corrected-to-normal vision us-
ing contact lenses, and four participants wore glasses. Partici-
pants reported slight-to-moderate prior AR experience on average
(M=2.46, SD=1.28 on a 5-point scale). All participants except one
were right-handed, and none reported color vision deficiencies.
After filling out an informed consent, participants performed a
familiarization task by placing two wire pins. For the study, the
participants performed four wiring tasks per condition. We verified
the registration of the virtual and real object before each condition
using a removable ArUco [18] marker tracked by the headset. After
each condition, participants completed the NASA-TLX, SUS, and

UEQ questionnaires before proceeding to the next condition. Con-
ditions were counterbalanced using a Latin Square. After all con-
ditions, we conducted a semi-structured interview, and participants
completed a demographic questionnaire. We collected 3 (condi-
tions) x 4 (wiring tasks) = 12 data points per participant, for a total
of 12x24 (participants) = 288 data points over all participants.

5.4 Exploratory study

Following the experiment, we conducted an exploratory study moti-
vated by users’ feedback from the formative studies to gather qual-
itative insights into user preferences for magnification lens place-
ment. Only the live magnification lens (EL) was used. In the ex-
ploratory study, participants manually positioned the lens using the
controller before each task, as the system did not automatically up-
date the lens placement. We asked participants to use certain place-
ment options for each step, which allowed us to collect feedback on
the manipulation and perception of the lens:

Top: Magnification lens placed above the real object
Side: Lens placed next to the real object

Front: Lens placed overlaid in front of the real object
Free: Free lens placement by the user

Participants placed four wires using four placement options: Top
(above the object), Side, Front, and Free (user-defined placement).
Placement order and wire locations were counterbalanced. After
completing all conditions, they ranked the placements and partici-
pated in a semi-structured interview on placement preference.

6 RESULTS

We calculated mean TCT, error rate, head distance, gaze fixations,
and questionnaire scores per participant and condition. As objec-
tive measures (TCT, error rate, mean distance) violated assumptions
of normality, tested with Shapiro-Wilk tests [41], and homogeneity
of variances, tested with Levene’s test [31], we used nonparamet-
ric Friedman tests [16] with post-hoc pairwise comparisons using
Nemenyi tests [36]. For qualitative data (preferences and question-
naire data), we used the same nonparametric analysis. Analysis was
done in R, and we set the significance level at o = 0.05 for all tests.
Friedman tests revealed statistically significant differences for
TCT ()(2(2):12.25, p=.002), mean distance (752(2):1 1.565,
p=.003), preference (}2(2)=11.55, p=.003), hedonic UEQ score
(x*(2)=10.03, p=.01), and frustration (x¥2(2)=9.029, p=.01).
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Figure 6: Subjective preference results for each condition include
(a) the average preference of the users, (b) the hedonic user experi-

ence results, and (c) the pragmatic user experience results.

Pairwise post-hoc Nemenyi tests revealed statistically significant
differences for TCT between DL and EL (p=0.002), for mean dis-
tance between DL and EL (p=0.033) and DL and EV (p=0.003),
for preference between DL and EL (p=0.045) and DL and EV
(p=0.003), for hedonic UEQ score between DL and EL (p=0.025),
for frustration between DL and EV (p=0.038).

6.1 Preference

Participants significantly preferred both lens conditions (EL, EV)
over no magnification (DL), supporting H1 (Figure 6a). The live
AR lens (EL) received the highest hedonic UEQ ratings (Figure 6b),
indicating that the participants found EL more enjoyable or engag-
ing. This is supported by qualitative feedback from the participants;
one participant stated that the live view in the lens is “better than
fake renderings”, another described the virtual lens as feeling “like
a LEGO instruction”. One user commented on the live view lens
that “at every point [they] knew how to use the lens to precisely
[pinpoint the right spot]”. The clarity of the virtual lens was also
praised, with users stating “[they] used it less often than [live view
lens], but it was very helpful”. While pragmatic UEQ scores were
higher for both lens conditions, differences were not significant.
Qualitative feedback emphasized the value of hand visibility in
the live lens. One user noted about the EL condition that “you
can see more precisely where your hands are”. Another participant
stated that “[the instruction] was clearer [in EV], but it was helpful
to see my hands [in EL]”. Participants described the virtual lens as
clearer for counting and orientation, but the live lens as more natu-
ral and easier to relate to the physical task. One user said that the
rendering was “actually harder to compare to the real thing, since
you have to think around”. Three participants, medical doctors who
consented to disclosing their profession, selected the live magnifi-
cation lens as their favorite. One noted that it would be a “good
alternative to optical lenses in surgery”, highlighting its potential
relevance for applications that demand close-up visualizations.

6.2 Distance to object

Interestingly, contrary to our original hypothesis H2, participants
moved significantly closer to the object when using magnification
lenses (EL, EV) compared to DL (Figure 7a). Head-tracking data
and user feedback indicate that users approached the object inten-
tionally to increase the effective zoom of the lens. In contrast, when
using no lens (DL), participants tended to maintain a greater dis-
tance from the object. Moving the head closer to the lens is akin to
increasing the zoom level seen through the lens, allowing users to
make out more details. Inspection of the data over time revealed
that, in both lens conditions (EL, EV), users moved their heads
closer to the object early in the task. Note that, while the differ-
ence in head distance was significant, the motion represents only
small head movements (2-2.6 cm) to zoom the lens contents.
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Figure 7: Objective performance results for each condition include
(a) average user errors and (b) average completion time. (c) The
mean distance between the users’ heads and the real object.
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Figure 8: Subjective results of our study: (a) The combined SUS
scores, (b) the combined NASA-TLX, and (c) the TLX subscales.

6.3 Task performance

Analysis of performance data revealed only limited differences be-
tween conditions. A statistically significant effect was found for
TCT: Participants were slower with the live lens (EL) than with
no lens (DL) (Figure 7c). The results showed that the participants
made fewer errors in both lens conditions (EL, EV); however, this
effect was not significant (Figure 7b), leading us to reject H3.

Qualitative feedback suggests that the increased completion time
reflects verification behavior, with multiple users deliberately us-
ing the magnified view to confirm correct placement. For example,
one participant noted that they “could confirm whether or not [they
were] correct” using the live magnification lens, while another re-
marked that, in the DL condition, the lack of magnification “made
it hard to hit the correct pin”.

6.4 Task load and usability

Overall task load scores were lower for magnification conditions,
but differences were not significant (Figure 8b). Analysis of in-
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dividual subscales following the method of Hart [21] revealed a
significant reduction in frustration for the virtual lens (Figure 8c)
compared to no magnification (DL). Usability scores (Figure 8a)
were higher for both magnification conditions, corresponding to an
improvement in usability grade from C (DL) to B (EL, EV) accord-
ing to Bangor et al. [3], although differences were not statistically
significant. Consequently, we reject H4, as task load and usability
were not significantly higher for lens conditions.

While participants could complete the task using only the in-situ
visualization without magnification (DL), the small components in-
creased frustration due to limited visibility. Participants clearly per-
ceived less frustration when details were easily visible in the virtual
lens (EV) magnification. As one user pointed out, “it was easy to
count the pins on the 3D model” using the virtual lens. Partici-
pant feedback was also generally positive for the live AR lens (EL),
with one user stating it was “clearly easier to see” using the live
lens. Since all motions are amplified in the magnification lens,
small movements are also exaggerated. One participant commented
that “[the magnified view] jiggles around with [their] movements”.

6.5 Gaze patterns

We analyzed fixation data for the magnification lenses used in the
EL and EV conditions. Of the 24 participants, four who wore
glasses were excluded from gaze analysis due to interference with
the eye tracker. Figure 9 shows the distribution of fixations in
the task for each lens. Visual inspection suggests that users fix-
ated more frequently on the live magnification lens than the virtual
lens (Figure 9c); however, statistical analysis tests did not reveal a
significant difference between the two eye-fixation conditions.
Gaze data reveals distinct usage patterns between lenses. Ana-
lyzing the virtual lens (EV) gaze patterns in Figure 9b for a task,
users tended to fixate on the lens at the beginning of the step to un-
derstand the instruction from the magnified view, then shifted focus
to the object to perform the action. One user said that they “used the
virtual lens to count [the pins] and the in-place [augmentation] to
find the area on the breadboard”. In contrast, gaze patterns for the
live lens (EL) in Figure 9a show that users distributed their atten-
tion more evenly between the lens and the object. One participant
stated that they “switched [my] view between the real object and
the [live] lens”. This suggests that the live lens integrates more nat-
urally into the workflow of participants, encouraging them to move
back and forth between magnified and direct views, as it supported
both placement and verification. As one participant noted, the live
magnification “gives an easier-to-read feedback” than DL.

6.6 Exploratory study results

The exploratory study was completed by 23 participants, as one

participant stopped after the main experiment due to eye strain.
Participants overwhelmingly valued manual lens placement; 16

participants chose Free placement as their favorite. The condition

received the best average ranking (M = 1.35). Among the fixed
placement options, Top was preferred by nine participants, followed
by Side, which was preferred by six participants. One user ex-
plained that “above is better than to the side, since it’s more in the
focus area, so I see both the object and the lens”.

Participants consistently reported that Front placement was their
least favorite, and many participants found placing the lens over-
laid in front of the target object “confusing” or “obstructive”. Since
the magnified view is rendered from the camera stream in 2D, one
participant again remarked that it was “difficult for depth percep-
tion”. Another frequent comment was that placing the lens in front
of the target object impaired the view of the users’ hands during
interaction. The participants preferred to see their fingers in their
natural view, in addition to a spatially separate magnification lens.
As one user stated, “[I] would rather see my own fingers”. This ob-
servation questions related work that places magnification widgets
directly over the task area [13] and suggests that the magnified view
should instead be positioned slightly offset from the object. In Free
placement, users mainly positioned the lens slightly above and di-
agonally offset from the target, closely matching the experimental
configuration (Figure 5b).

7 DISCUSSION

Building on the results of our studies, we reflect on user behavior
and results collected across conditions. We derive a set of design
guidelines that inform the development of future AR instructional
systems targeting small-object scenarios. Finally, we outline future
work opportunities that extend beyond the present study, identify-
ing possible directions for magnification strategies, broadening use
cases, and addressing limitations of current AR hardware.

7.1 Design guidelines for small-scale augmentation

We collect insights on user preferences, task performance, gaze be-
havior, and interaction strategies, and we extract guidelines that
provide practical recommendations for effectively integrating mag-
nification lenses and in-situ augmentations.

Magnification as a feature Most participants appreciated
having the option to view instructions through a magnification lens,
even when they preferred in-situ instructions without magnifica-
tion. This suggests that optional, more detailed visualizations can
enhance the user experience, particularly for tasks involving small
components.

Live view improves user experience While both virtual and
live magnification were well received, live camera-based magnifi-
cation achieved higher hedonic experience scores and appeared to
integrate more naturally into users’ workflows when understanding
and verification are required. Contrary to our initial hypothesis, the
lens did not reduce users’ need to approach the object, but instead
encouraged closer inspection and interaction.
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Figure 10: Applications of the proposed lens may also focus on
more dynamic, complex instructions. (left) An AR embroidery pat-
tern showing augmented instructions overlaid on the fabric as the
sewing outline. (right) The AR magnification lens focuses on a sin-
gle stitch.

Spatial separation to avoid interference Our findings indi-
cate that users prefer the magnified lens to be spatially separated
from the real-world target. The exploratory study shows a prefer-
ence for positioning the lens slightly above the augmented region
rather than directly in front of it, as in related work [13, 24]. This
likely preserves consistent scale and depth perception, avoiding the
sudden enlargement of the user’s hands within the lens.

Adaptive transparency to reduce occlusion Users com-
mented that in-situ AR instructions can occlude small parts, an is-
sue also noted by Henderson and Feiner [23] and Wiethiichter et
al. [47]. We rendered in-situ visualizations semi-transparently and
faded the magnified view to near transparency as the user’s hands
approached the target. Participants responded positively, reporting
reduced occlusion without lacking instructional cues.

Ensure precise tracking and visual stability For guidance
to be effective, especially when magnifying small parts, the aug-
mented instructions must remain precisely aligned with the real ob-
ject at all times. High-resolution visuals, stable tracking, and ac-
curate registration are critically important, as even small offsets or
jitter become highly noticeable in magnified instructions.

Manual control of lens  Users should also be allowed to man-
ually adjust its position. Most participants preferred the ability to
freely move the magnification lens, which offered additional flex-
ibility as placement could be adapted to a given situation. Partici-
pants also addressed the possible improvement of having a feature
to toggle the lens on or off.

7.2 Limitations and future work

While this work demonstrates the benefits of magnification lenses
for AR instructions in small-scale tasks, several promising direc-
tions remain for future exploration. Our work is the first to investi-
gate live AR magnification in an interactive, bi-manual instructional
setting. Future work could extend this to more dynamic actions
such as stitching, sewing, or soldering, where guidance also in-
cludes the use of tools. We implemented an embroidery scenario for
the proposed magnification (Figure 10) and plan to explore whether
live magnification better supports more complex tasks compared to
the localization and placement tasks explored in this paper.

Magnification strategies should be validated across a wider range
of tasks and environments. While we mitigated novelty effects
through familiarization, users’ enthusiasm for the lens and its ma-
nipulation may still be partially influenced by novelty, as suggested
by the high hedonic quality results. Providing customization op-
tions such as adjustable zoom levels, lens shapes, or dynamic lens
behaviors could further improve usability across tasks and user
preferences. Evaluating different magnification levels may also re-
veal how the user experience is affected by reduced workspace con-
text and potentially amplified perceived image motion.

In terms of lens position, placements above the target area were
generally preferred. In the exploratory study, the participants fre-
quently used manual lens adjustments, indicating a need for task-
and context-dependent placement. Further analysis could inform
automated or context-sensitive lens positioning strategies [20, 46].

Some participants reported that in-situ augmentations occasion-
ally appeared blurry when inspecting targets at close distances, re-
flecting a known limitation of current HMDs. Similar effects have
been reported on the MagicLeap and MagicLeap 2, stemming from
the vergence—accommodation conflict [37]. As users inspect small
components, their eyes accommodate to the object depth, while
augmentations remain fixed at the display focal plane, causing ei-
ther the real object or the virtual content to appear out of focus.
This issue is particularly problematic in small-scale tasks. While
varifocal displays address this limitation [1, 14], digital magnifica-
tion lenses can partially mitigate it by rendering magnified views at
a comfortable focal distance while preserving detail.

While our implementation relies on the built-in headset camera,
not tackling sub-milimiter scale, future HMDs may overcome cur-
rent hardware limitations through improvements in camera resolu-
tion and optical quality, increasing the fidelity of the live view lens
by improving detail visibility. Future research could also examine
the limits of tracking stability, registration accuracy, and jitter tol-
erance in small-scale AR tasks. In our studies, we ensured that the
registration between real and virtual elements was precise by care-
ful calibration of the setup for each participant. In the future, auto-
matic image stabilization techniques to reduce the amount of jitter
in the magnified view may further improve the user experience.

8 CONCLUSION

We designed and implemented a live AR magnification approach
for instructional systems targeting small-scale tasks, enabled by a
live view of the AR HMD camera. Through a series of formative
studies, a controlled user study, and an exploratory follow-up, we
demonstrated that magnification enhances the usability of AR in-
structions for precise work on small components. Our findings
show that users consistently value magnification, even when pro-
vided as an optional feature, and tend to engage more frequently
with live, camera-based magnification over purely virtual alterna-
tives. Our findings further suggest that live magnification can be in-
tegrated more naturally into users’ workflows and encourage closer
inspection rather than disengagement from the physical task.

» Users value magnification, even as an optional feature.
* A live magnified view improves the user experience.

¢ Lens placements should not obstruct the users’ view of their
own hands or the object.

* Adaptive transparency can reduce occlusion without remov-
ing instructional cues.

¢ High stability and accurate registration are necessary for
achieving good usability.

 Users value positional control of the visualization.

These insights lead to practical design guidelines, contributing to
a broader understanding of how AR systems can support precision
work in small-scale work areas. We see magnification lenses as
a promising step toward more effective and flexible AR guidance,
with applications in domains such as industrial assembly, medical
procedures, and other contexts involving precision at a small scale.
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