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Figure 1: (a) A participant performing the AR Pedicle Screw Placement task. Adaptive hand visibility across different movement
phases: (b) during the reaching phase, the virtual hand avatar is opaque while approaching the target; (c) during the grasping
phase, the virtual hand avatar becomes transparent when picking up the screw; (d) during the transporting phase, the virtual hand
avatar remains transparent while moving the screw toward the target area; and (e) during the inserting phase, the virtual hand
avatar becomes invisible.

ABSTRACT

Augmented Reality (AR) tasks that require fine motor control of-
ten rely on visual hand representations, yet fully visible hands can
introduce occlusion and reduce accuracy. In this work, we in-
vestigate adaptive hand visualization techniques that dynamically
adjust hand visibility based on the current interaction sub-task
to improve accuracy in AR. We designed an AR-based pedicle
screw placement task, in which users insert virtual screws into a
physical spine model. To evaluate how hand visualization affects
task performance, we conducted a user study with 15 participants
who performed the task under five hand visualization conditions:
OPAQUE, TRANSPARENT, INVISIBLE, SPEED-BASED visibility,
and POSITION-BASED visibility. Our results show that adaptive vi-
sualization techniques significantly improve screw placement accu-
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racy compared to the commonly used opaque hand representation.
These findings demonstrate the benefits of dynamically adapting
hand visibility can support accuracy-critical interactions.

Index Terms: Hand Visibility, Accuracy, Augmented Reality.

1 INTRODUCTION

Augmented Reality (AR) systems enable users to interact with dig-
ital content while maintaining visual access to the physical world
[13]. Unlike Virtual Reality (VR), where the entire environment is
virtual [20], AR interactions must carefully balance digital overlays
with real-world visual cues to avoid occlusion, clutter, or misalign-
ment between physical and virtual elements. In this context, the
visualization of the user’s hands is important, as they often share
the same visual space as task-relevant physical objects [4].

Recent advances in head-mounted displays (HMDs) have en-
abled hand tracking, allowing users to interact with virtual content
using their own hands rather than handheld controllers. Hand in-
teraction is more natural, intuitive, and supports direct manipula-
tion [11, 10, 1]. As a result, a growing body of research has in-
vestigated how different hand representations, such as opaque and
transparent hands, affect user experience and task performance in
VR [7, 15, 19, 21].

However, hand visualization in AR poses different challenges.
Although hand avatars provide useful feedback about hand pose and



motion, users can also see their real hands, resulting in multiple rep-
resentations of the hands in the same visual space. This overlap can
increase visual clutter, making the workspace feel crowded and ob-
scuring task-relevant details particularly in fine motor tasks, where
targets are small and accurate alignment is required. In such cases,
opaque hand visualizations can occlude interaction targets, leading
to misalignment and reduced accuracy [22, 9]. Consequently, hand
visualization design plays a key role in supporting accurate interac-
tions in AR.

Prior research has explored alternative hand visualizations. Stud-
ies in both VR and AR have examined transparent and invisible
hand representations, showing that reducing hand visibility—by
making the virtual hand partially transparent or invisible—can im-
prove placement accuracy by minimizing visual clutter and avatar-
induced occlusion in object manipulation tasks [22, 5, 24, 9]. How-
ever, manipulation tasks are often composed of multiple movement
phases, such as reaching, grasping, transporting, and inserting ob-
jects [24]. Each movement phase places different visual and motor
demands on the user. As a result, a hand visualization that is ben-
eficial during reaching or grasping may become detrimental during
the inserting phase by obscuring alignment cues or contact points.

Recent VR research demonstrated that the effectiveness of hand
visualization depends strongly on the current movement being per-
formed. Voisard et al. [24] found that opaque, transparent, and in-
visible hand representations yield different levels of placement ac-
curacy across movement phases in a fine motor task. Building on
these findings, subsequent work [21] introduced adaptive hand vi-
sualization techniques that dynamically adjust hand visibility based
on movement speed or proximity to interaction-critical elements.
These adaptive techniques were shown to improve placement accu-
racy during VR interactions.

Despite these promising results in VR, the impact of adaptive
hand visibility techniques in AR has not been investigated yet. Un-
like VR, AR introduces additional perceptual complexity due to
the simultaneous presence of physical objects, virtual overlays, and
real-world visual cues. As a result, findings from VR cannot be
directly assumed to generalize to AR tasks.

To investigate this, we adapted a Pedicle Screw Placement (PSP)
task form prior VR work. PSP is a surgical procedure in which users
place screws into a spine. This task requires high spatial accuracy
and fine motor control, which makes it an ideal task for evaluating
hand visualization techniques [27]. PSP has been widely studied
in both AR [29, 28, 14] and VR environments [27, 21], and can be
systematically decomposed into movement phases such as reach-
ing, grasping, transporting, and inserting [24, 23]. This structure
allows for reproducible evaluation of user performance.

In this work, we design an AR-based PSP task incorporating five
hand visualization techniques: OPAQUE, TRANSPARENT, INVIS-
IBLE, SPEED-BASED visibility, and POSITION-BASED visibility.
The latter two techniques dynamically adapt hand visibility based
on movement speed or proximity to the insertion target, respec-
tively. We then conduct a controlled user study to examine whether
adaptive hand visualization techniques improve accuracy and task
performance compared to commonly used static hand representa-
tions.

2 RELATED WORK

2.1 Hand Visualization

To understand the effect of hand visualizations on user perfor-
mance, prior work has investigated a wide range of visual hand
representations. For instance, Knierim et al. [12] conducted a typ-
ing experiment in VR and found that using semi-transparent hands
resulted in higher performance for inexperienced typists. Similarly,
Grubert et al. [5] showed that opaque hand avatars reduce typing
performance in VR. Veldhuizen et al. [22] further demonstrated that

semi-transparent hands outperform opaque hands in a VR manipu-
lation task.

Hatira et al. [9] investigated transparent and invisible hand rep-
resentations in VR sorting and navigation tasks and found that in-
creasing hand transparency led to improved placement accuracy
compared to opaque hands. Taken together, these findings suggest
that reducing visual interference introduced by virtual hand avatars
can improve accuracy in tasks that require precise spatial alignment.
Moreover, Ocompo et al. [18] showed that the presence of a visual
avatar can improve accuracy in target acquisition tasks when using
hand tracking, even when the avatar does not perfectly match the
input modality, highlighting the importance of visual feedback for
accurate interaction.

Voisard et al. [24] systematically examined opaque, transparent,
and invisible hand visualizations in VR across different movement
phases, including reaching, grasping, transporting, and inserting.
Their results showed that the effectiveness of hand visualization
strongly depends on the current movement phase, with invisible
hands leading to higher motor accuracy during insertion. Building
on this observation, Turkmen et al. [21] introduced adaptive hand
visualization techniques in a VR-based Pedicle Screw Placement
(PSP) task. Their findings demonstrated that dynamically adapt-
ing hand visibility based on movement context improves placement
accuracy and user experience compared to static opaque hand rep-
resentations. However, these studies were conducted exclusively in
VR, leaving open the question of whether such adaptive techniques
are equally effective in AR.

In contrast to VR, fewer studies have examined hand visual-
ization in AR. Normand et al. [17] investigated visual and visuo-
haptic hand rendering techniques for AR manipulation tasks, com-
paring multiple visual hand representations combined with vibro-
tactile feedback. Their results indicated that visual hand renderings
provide useful feedback for hand tracking, but their perceived ne-
cessity decreases when haptic feedback is available. However, their
study did not focus on accuracy-critical manipulation tasks.

Recent work by DeMarbre et al. [3] compared hand, controller,
combined, and no visual representations across both VR and mixed
reality (MR) selection tasks. Their results showed comparable ob-
jective performance between VR and MR, but revealed differences
in subjective perception. In MR, participants preferred having no
visual representation, reporting that overlaid virtual hands or con-
trollers felt duplicated or distracting when combined with their real
hands. These findings further highlight that visual representations
beneficial in VR may not directly translate to AR or MR, and that
minimizing redundant visual overlays can improve user experience
in mixed reality environments. Hartbrich et al. [8] examined the
effects of hand visibility in AR manipulation tasks involving both
real and virtual objects. Their results showed that manipulation
performance is higher when interacting with real objects, that in-
visible hand avatars lead to fewer errors in fine manipulation tasks
with real objects, and that users prefer visible hand representations
when interacting with virtual objects. While their study included a
fine manipulation task where accuracy is important, it did not in-
vestigate adaptive hand visualization techniques in AR.

2.2 Pedicle Screw Placement

Pedicle Screw Placement (PSP) is a commonly used procedure
in spinal surgery, where accurate alignment and placement are
essential to avoid complication [26]. Due to its high demands
on fine motor control and spatial accuracy, PSP has been widely
adopted as a benchmark task in both VR and AR research, particu-
larly in studies investigating surgical guidance and training systems
[27, 29, 28, 14].

Prior work has demonstrated the potential of immersive tech-
nologies to support PSP by improving placement accuracy and re-
ducing errors. For example, AR-based approaches have been shown



to provide effective visual guidance for screw placement, achiev-
ing performance comparable to traditional planning tools [2, 29].
Similarly, VR-based simulators have been found to improve place-
ment accuracy and success rates compared to conventional training
methods [27]. Lastly, Turkmen et al. [21] used PSP task to eval-
uate effect of hand visibilities in VR and they found that adaptive
hand visibilities improve the accuracy compared to opaque hands.
These studies establish PSP as a realistic and reproducible task for
evaluating accuracy in immersive environments.

Using the fine motor and accuracy demands of the PSP task, we
aim to better understand the role of hand visualization design in
supporting accurate interactions beyond the medical domain.

3 MOTIVATION & HYPOTHESES

Most existing hand visualization techniques in immersive environ-
ments are designed as static solutions, treating interaction as a sin-
gle, uniform process. However, interaction in XR typically con-
sists of distinct phases (reaching, grasping, transporting and insert-
ing), each with different perceptual and motor demands. Recent
work [24] suggests that hand visibility requirements vary across
these phases, motivating adaptive visualization approaches in VR.
While this observation has motivated adaptive hand visualization
techniques in VR (e.g., [21]) the effectiveness in AR has not been
investigated.

AR involves the simultaneous perception of real-world objects
and virtual content, which increase visual complexity and poten-
tial occlusion. These differences may change how hand visibility
affects performance, particularly in tasks requiring high accuracy.
This motivates an investigation of adaptive hand visualization tech-
niques in AR and their impact on user performance and experience.

To address this gap, we investigate adaptive hand visualization
techniques in AR that dynamically adjust hand visibility according
to the current hand movement. Specifically, we study two adaptive
approaches: POSITION-BASED visualization, which changes hand
visibility based on the hand’s proximity to interaction-critical el-
ements, and SPEED-BASED visualization, which adapts visibility
based on hand movement speed following an approach explored in
prior work [21].

Based on prior findings in VR and the unique perceptual chal-
lenges of AR, we formulate the following hypotheses:

H1 Compared to static hand visualizations (OPAQUE,
TRANSPARENT, and INVISIBLE), adaptive hand visualizations
(POSITION-BASED and SPEED-BASED) lead to improved task
performance, as measured by placement accuracy and task
completion time.

H2 Adaptive hand visualizations improve user experience in AR,
as reflected by participants’ feedback compared to static hand vi-
sualizations (OPAQUE, TRANSPARENT, and INVISIBLE).

4 EXPERIMENTAL DESIGN

4.1 Participants

We conducted a user study with 15 participants (8 male and 7 fe-
male) aged between 21 and 32 (Mean = 25.13 ± 2.39) from the lo-
cal university. Fourteen were right-handed and one left-handed. All
participants reported normal or corrected-to-normal vision. When
asked about how many times they had experienced AR previously,
one participant reported never, six reported 1-3 times, three reported
3-5 times, and six participants reported more than 5 times.

4.2 Apparatus

We used a 13th Gen Intel(R) Core(TM) i9-13900KF at 5.8 GHz, 32
GB RAM desktop PC with an NVIDIA GeForce RTX 4070 graph-
ics card. We used an Oculus Quest Pro HMD and Unity3D version
2022.3.49 to design and implement the virtual objects.

4.3 Procedure
Upon arrival, participants were asked to provide informed consent
and complete a demographic questionnaire. The experimenter then
introduced the study, explained the AR setup, and described the
Pedicle Screw Placement (PSP) task and the overall procedure.

In the PSP task, participants were instructed to insert a virtual
pedicle screw into a predefined target location indicated by an or-
ange outline (Figure 2). The target locations were derived from a
3D spine model used during system development to define anatom-
ically plausible insertion points; however, the 3D spine itself was
not visible to participants during the experiment. Target positions
were selected a priori following an established task design previ-
ously used in VR based PSP study [21] to ensure consistency and
comparability. Participants were instructed to perform the task “as
quickly and accurately as possible.”

During the experiment, participants were seated. In the AR
scene, they were positioned facing the PSP task (Figure 1(a)). Par-
ticipants performed the PSP task using five different hand visual-
ization conditions: OPAQUE, TRANSPARENT, INVISIBLE, SPEED-
BASED, and POSITION-BASED. All conditions were performed us-
ing the dominant hand. For each hand visualization condition, par-
ticipants were asked to place ten screws, resulting in ten repetitions
per condition.

4.4 Hand Visibilities
To assess participants’ accuracy, we adopted the same movement
phase definitions as in prior work [23, 24, 21]. The task was de-
composed into four sequential movement phases: Reaching, Grasp-
ing, Transporting, and Inserting. The Reaching phase refers to the
period during which participants moved their hand toward the tar-
get screw without holding any object (Figure 1(b)). This phase
started at the beginning of each repetition and ended when the hand
reached the screw. The Grasping phase began immediately after the
reaching phase and lasted until the participant successfully picked
up the pedicle screw (Figure 1(c)). Once the screw was grasped,
the Transporting phase started and continued while the participant
moved the screw toward the highlighted target area (Figure 1(d)).
Finally, the Inserting phase began when the hand reached the high-
lighted target area and ended when the participant confirmed the
final placement by pressing the space bar on the keyboard (Fig-
ure 1(e)).

We conducted the experiment with five different hand visibil-
ities (V= OPAQUE, TRANSPARENT, INVISIBLE, SPEED-BASED,
POSITION-BASED) to assess the effect of hand visualizations on
user performance.

Following prior work [21], we implemented adaptive hand vis-
ibility to two scenarios SPEED-BASED and POSITION-BASED. In
both scenarios, the hand visibility is phase-dependent: the hand is
OPAQUE during reaching, becomes TRANSPARENT during grasp-
ing and transporting, and is INVISIBLE during inserting as shown
in Figure 1.

For scenarios where interactive objects and target regions are not
predetermined, we employed a SPEED-BASED hand visualization,
in which hand visibility dynamically adapts based on movement
speed and movement phase. This approach uses hand speed to iden-
tify task phase, allowing the hand to be most visible during reaching
and gradually reducing visibility during grasping and transporting
phases and then becoming totally invisible during inserting phase
where accuracy is important.

When interactive objects and target regions were known in ad-
vance, we use a POSITION-BASED hand visualization that adapts
hand visibility based on the hand’s spatial proximity to interaction-
critical elements. In this case, hand transparency changes smoothly
as the hand approaches the target region, becoming invisible during
insertion. Distance thresholds were selected to match those used in
prior work [24] to ensure comparability across studies.



Figure 2: Hand visibilities during Pedicle Screw Placement (PSP): a) OPAQUE, b) TRANSPARENT and c) INVISIBLE hands.

Unlike the VR study by Turkmen et al.[21], where the invisible
condition removes all hand representations, our AR implementa-
tion removes only the virtual hand avatar. The user’s real hands re-
main visible in all conditions; in the OPAQUE and TRANSPARENT
conditions, the avatar is rendered on top of the real hand, while in
the INVISIBLE condition participants are still able to see their real
hands, similar to a previous AR study [8].

4.5 Experimental Design & Evaluation Metrics
We used a 5x10 within-subject design with five visibility techniques
(5V = OPAQUE, TRANSPARENT, INVISIBLE, SPEED-BASED, and
POSITION-BASED). For each condition, participants were asked to
place 10 screws, leading to 10 repetitions (10Rep) for per condi-
tion. This design yielded a total of 50 trials (5V × 10Rep) per par-
ticipant. Hand visibility conditions were counter-balanced across
participants using a Latin-square design to compensate for learning
effects.

During the experiment, we recorded the following parameters
for each movement: duration (s), overlap (%), error angle (°), and
distance (cm).

Duration (s) refers to the total time taken to complete a each
movement phase and is measured from the start to the end of phase.

Overlap (%) measures how much of the object is placed inside
the target area at the end of the Insert sub-task. It quantifies the
alignment ratio between the volume of the placed virtual screw and
the highlighted target volume.

Error angle (◦) measures the absolute upward direction (local
up vector) of the inserted screw and the highlighted target area.
This measurement evaluates how accurately participants aligned the
screw’s orientation with the intended target area.

Error distance (cm) represents the Euclidean distance between
the center of the highlighted target area on the spine image and the
center of the placed screw. This metric is recorded at the end of
each insertion task.

5 RESULTS

The data was pre-processed and plotted through JMP software.
Data analysis was done using one-way repeated measures (RM)
ANOVA using SPSS 31. The data was considered normally dis-
tributed if the Skewness (S) and Kurtosis (K) values were within
±1 [6, 16]. Otherwise, we used log-transform before ANOVA.
If the data were not normally distributed after the log transform,
we used Aligned Rank Transformation (ART) [25] on the original
data before ANOVA. For post hoc analyses, we conducted pairwise
comparisons using paired t-tests with Bonferroni correction and ap-
plied the Huynh-Feldt correction when ε < 0.75. For the data where
ART was used, we applied ART-C for the post hoc analyses.
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Figure 3: Post Hoc comparison of Error Angle across different Hand
Visibility conditions (OPAQUE, TRANSPARENT, INVISIBLE, SPEED-
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Figure 4: Post Hoc comparison of Error Distance across differ-
ent Hand Visibility conditions (OPAQUE, TRANSPARENT, INVISIBLE,
SPEED-BASED, and POSITION-BASED).

Duration (S=0.7150; K=-0.1322) and Error Angle (S=0.4055;
K=-0.1944) data were normally distributed. Overlap and Error Dis-
tance data were not normally distributed, even after applying the
log-transform, so we applied ART before the analysis.

Duration (s). We did not find a significant main effect of hand
visibility on duration (F4,56 = 1.043, p = .393,η2 = .069).



Error Angle (deg). We found a significant main effect of hand
visibility on error angle (F4,56 = 4.965, p = .002,η2 = .262). Post
hoc results (Figure 3) show that POSITION-BASED hand visibility
resulted in lower error angles compared to OPAQUE and TRANS-
PARENT. Moreover, INVISIBLE hands also reduced error angles
compared to OPAQUE hands.

Error Distance (cm). Effect of hand visibility on error dis-
tance was significant (F4,56 = 8.95, p < .001,η2 = .39). Post hoc
results (Figure 4) show that POSITION-BASED had lower error dis-
tances than OPAQUE (p = .011). SPEED-BASED had lower error
distances compared to OPAQUE (p < .001). Lastly, INVISIBLE re-
sulted in lower error distances than OPAQUE (p = .002).

Overlap (%). We did not find a significant main effect of hand
visibility on overlap (F4,56 = 0.941,ns,η2 = .014).

Subjective Feedback. We asked participants which hand vis-
ibility they would prefer most and why. Five participants preferred
POSITION-BASED and P12 commented as “It felt the most support-
ive one during the placement“. P14 mentioned that ”I would like to
see hand avatars during the overall interaction and while inserting,
as it turns invisible, it makes it easier to place screws accurately“.
Five participants preferred INVISIBLE hands, and P4 commented
as ”I don’t like to see any hand avatars in AR, it looks extra and
distracting“. Three participants preferred SPEED-BASED and P9
commented as ”I liked to have a control over the hand opacity with
my hand speed“. Lastly, one participant preferred OPAQUE and one
preferred TRANSPARENT. P1 commented on OPAQUE: ” It over-
lays over my real hands so it helps me to consider my movements
based on the avatar hand, not my real hands“ and P10 stated ”It
was more comfortable to see my hands and other objects as well“.

6 DISCUSSION

Our findings provide insights into the effect of adaptive hand visi-
bility in AR Pedicle Screw Placement task which require high accu-
racy. The significant effects observed for error angle and error dis-
tance indicate that hand visibility design directly influences place-
ment accuracy in AR. In line with prior VR findings [22, 24, 9, 21],
conditions that reduced hand visibility led to more accurate screw
placement than OPAQUE hands. This suggests that visual occlusion
introduced by fully opaque hand avatars remains a challenge in AR.

Yet, in AR, reducing hand visibility does not imply removing the
user’s hand entirely from view. Unlike VR, where INVISIBLE hands
result in the complete absence of hand representation, AR users
continue to see their real hands even when the virtual hand avatar
becomes invisible. As a result, INVISIBLE and adaptive hand visi-
bility (SPEED-BASED and POSITION-BASED) conditions primarily
reduce the visual interference caused by rendering a virtual hand
avatar on top of the user’s real hand. This distinction aligns with
prior AR findings showing that users often prefer not to see a vir-
tual hand avatar over their real hands during manipulation tasks [8].

Our results partially support H1 by showing that adaptive hand
visibility techniques can improve placement accuracy in AR. While
INVISIBLE hands reduced error angle compared to OPAQUE hands,
POSITION-BASED visibility reduced error angles compared to
OPAQUE and TRANSPARENT hand visibilities. In AR, users simul-
taneously perceive physical objects, virtual overlays, and their own
real hands, resulting in increased perceptual complexity compared
to VR. By linking the disappearance of the virtual hand avatar to
spatial proximity to the insertion target, POSITION-BASED visibil-
ity provides a predictable and meaningful cue that aligns with users’
expectations: the avatar disappears only when accuracy is required
during the inserting phase. In addition to objective performance
benefits, subjective feedback provides partial support for H2. Par-
ticipants described the position-based condition as “supportive dur-
ing placement,” suggesting that the visibility transitions were per-

ceived as stable, well-timed, and helpful during accuracy-critical
interaction.

Moreover, SPEED-BASED visibility also reduced error distance
compared to OPAQUE hands, further supporting H1. This indicates
that adapting hand visibility based on movement speed can support
accuracy by aligning visibility changes with users’ motor intent.
When users naturally slow down to insert the screw, the hand fades
out. Subjective feedback provides partial support for H2. Partici-
pants who preferred SPEED-BASED visibility emphasized the sense
of control it afforded, noting that changes in hand opacity closely
followed their hand movement speed. This suggests that speed-
based adaptation may be particularly suitable for users who prefer
implicit control over hand visibility. However, in AR, where hand
speed can vary due to factors unrelated to task intent (e.g., hesi-
tation, environmental constraints), speed-based transitions may be
less predictable than spatially defined adaptations, which can ex-
plain why this condition is less preferred by participants compared
to POSITION-BASED and INVISIBLE hands.

These findings indicate that fully removing the virtual hand
avatar throughout the interaction, as in INVISIBLE hands, is not
necessary; instead, selectively reducing hand visibility during
accuracy-critical movement can improve performance in a better
way, which is also supported by subjective feedback. This obser-
vation aligns with findings from previous VR work [24, 21], who
showed that different movement phases benefit from different hand
representations, and our work demonstrates that this principle also
applies to AR.

Contrary to H1 with respect to task completion time, we did not
observe significant effects of hand visibility on execution speed.
This suggests that adaptive hand visibility primarily influences
placement accuracy rather than movement speed, which aligns with
the design goal of supporting accurate interaction rather than en-
couraging faster execution. Similarly, the absence of significant dif-
ferences in overlap indicates that this metric may be less sensitive
to variations in hand visibility. Overlap primarily captures whether
the screw is positioned within the target volume, rather than re-
flecting finer aspects of alignment such as orientation or positional
accuracy, which were more strongly affected by hand visibility.

Taken together, our findings suggest that adaptive hand visibil-
ity techniques can effectively support accurate tasks in AR. The
POSITION-BASED visibility condition appears particularly well-
suited for AR scenarios involving predefined targets. In contrast,
speed-based adaptation may be better suited for open-ended tasks
where targets are not known in advance and where users prefer
movement-driven control. Our results demonstrate that adaptive
hand visibility techniques developed for VR can translate to AR, but
must account for the additional perceptual complexity introduced
by real-world context. Designers of AR systems should therefore
consider not only whether to reduce hand visibility, but also how
visibility transitions are triggered and perceived by users during dif-
ferent phases of interaction.

Finally, We note several limitations of this study. Although par-
ticipants did not report physical fatigue, repeated exposure to the
task may have introduced learning effects across conditions, de-
spite counter-balancing condition order. Future work could further
mitigate these effects by giving additional breaks and randomizing
trials within each condition. Addressing these limitations will help
strengthen the generalizability of our findings.

7 CONCLUSION

This work investigated whether adaptive hand visibility techniques,
previously shown to be effective in VR, are also effective in AR. Us-
ing an AR-based pedicle screw placement task, we compared com-
monly used static hand visualizations with two adaptive approaches
that dynamically adjust hand visibility based on movement phase.

Our results show that hand visibility design significantly af-



fects placement accuracy in AR. In particular, adaptive techniques
that reduce virtual hand avatar visibility during accuracy-critical
movement phases improved placement accuracy compared to fully
opaque hands. Among the evaluated techniques, POSITION-BASED
visibility consistently resulted in the lowest placement errors, sug-
gesting that spatially grounded adaptation provides predictable and
meaningful support in AR environments with predefined targets.
While SPEED-BASED visibility also improved accuracy and was
preferred by some users due to its movement speed-driven control,
its effectiveness appeared more sensitive to variations in user be-
havior and task context.

Overall, our findings suggest that selectively adapting hand visi-
bility—rather than fully removing hand representations—offers an
effective balance between visual guidance and reduced occlusion
in AR. Although AR differs from VR in that user’s real hands re-
main visible which potentially increase perceptual complexity, our
results extend prior VR findings to AR where adaptive hand visual-
ization techniques remain beneficial in AR. This work provides evi-
dence that adaptive hand visibility techniques can support accuracy-
demanding tasks in AR and offers guidance for designing future AR
systems where accurate interaction is critical.
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