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Figure 1: In this paper, we evaluate the influence of imitation timing and limb visualizations on efficiency, embodiment, social
factors, and user comfort during first-person two-hand task instructions in AR.

Abstract

Acquiring tacit knowledge and practical skills often depends on
direct observation and in situ training. AR offers an alternative by
overlaying first-person step-by-step instructions that guide users
through tasks such as assembly and repair. Previous work demon-
strates the effectiveness of AR instruction for specific applications.
In our experimental work, we systematically explore aspects of the
broader design space. We conducted a controlled experiment (n =
40) to investigate three key factors identified in learning theory and
XR embodiment research: imitation timing (parallel vs. sequential),
limb visualization (hand vs. full arm), and limb visibility (opaque vs.
semi-transparent). Across all conditions, participants followed AR
instructions and afterward repeated the tasks from memory. We
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assessed performance, user experience, and retention. Our results
show that parallel imitation is faster and increases embodiment,
whereas sequential imitation enhances memory retention and com-
fort. Our findings provide guidance for the temporal and visual
design of first-person AR tutorials.

CCS Concepts

« Human-centered computing — Mixed / augmented reality;
+ Applied computing — Computer-assisted instruction.
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1 Introduction
In our everyday lives, we encounter tasks that are unfamiliar to us.

We operate new devices, repair systems, perform maintenance tasks,

and assemble instruments. For such tasks, we often rely on others
for guidance or turn to video tutorials. These approaches are valid
and widely used, but have limitations. While asking another person
is not always possible, traditional video tutorials can miss critical
aspects of spatial relationships or context-sensitive actions [11].

Extended RealityXR) tutorials o er an alternative. They allow
recording and replaying expert demonstrations or including Ar-
ti cial Intelligence (Al)-generated instructions to provide spatial
and contextual step-by-step guidance on demaBg p1] directly
within the user's environment. By situating the instructions in the
physical workspaceXR systems preserve spatial context, reduce
cognitive load, and o er a more immersive learning experience,
allowing the user to move intuitively with less visual obstruction
and occlusion §3. This approach has proven particularly valuable
for procedural and body-coordinated tasks, especially when the
instructor is visually representedfl]. Previous work indicated
that shifting from a third-person to a rst-person perspective can
improve task performance, foster embodiment, and enhance social
connectedness with the virtual instructor [55].

Despite these promising results, however, fundamental questions
remain about how to best design asynchronous rst-person Aug-
mented RealityAR) instructions, where the real body is still visible
without overlays or manipulations. A central challenge is fostering
a strong sense of embodiment and making the instructions feel
like the user's own actions rather than those of an external expert:
Prior work shows that seeing oneself performing a skill at a level
not yet achieved can improve performance beyond watching an
instructor [19. This suggests that strengthening embodimentin AR
instruction could further enhance learning outcomes. Techniques
such as synchronizing users' movements with virtual limbs can
reinforce body ownership§( and even social connectedness with
the instructor [64. However, it remains unclear how synchroniz-
ing with instructions by performing them in parallel rather than
observing them rst a ects performance, memory retention, and
user perception in asynchronous AR contexts.

A connected design dimension is limb representation and visual-
ization. Virtual limbs can either be connected to the user's shoul-
ders to create a full-arm representation, which may strengthen the
sense of ownership and embodiment, or be visualized as hands only,
which could reduce visual clutter. Similarly, limb transparency is fre-
quently employed to prevent occlusion of the task workspa6g|[
and could therefore contribute to improving performance and mem-
orization, yet it also can lead to dehumanizatio]]. The e ects
of these design dimensions on embodiment, memory, and perfor-
mance remain largely unexplored in this context.

In this work, we address this gap by systematically investigat-
ing the e ects of the imitationtiming (parallel sequentigl the
visualization of thelimbs (hand arm), and theirvisibility (opaque
transparenton performance (accuracy and task completion time),
retention, mental load, embodiment, social factors (social closeness
and presence) as well as on the comfort regarding the visualizations
during two-handed tasks. For this, we designed and conducted a

Say aerth et al.

user study € = 40 in which the participants followedAR instruc-
tions involving step-by-step manipulation of manual controls in
a prede ned order while varying the aforementioned variables,
and afterward repeated them without guidance to evaluate their
in uence on memory. We found thaparallelimitation was faster,
increased embodiment and perceived co-presence, whesegisen-
tial interaction lowered mental load, felt easier, and yielded better
immediate retention of order, values, and hand ubkkndsonly
visualizations further boosted order retention. Howeveisibility
did not in uence the measured variables. With these ndings, our
work o ers clear design levers for speed-vs-retention trade-o s in
the design of XR instructions.

The contribution of this paper consists of:

(1) An experimental study of the e ects ofiming, limb visual-
ization, andvisibility during a two-handed manual task and
the results on performance, user experience, and immediate
retention € = 40).

(2) Based on the ndings, we contribute design guidelines for
future XR tutorial systems.

2 Related Work

This paper is grounded on related work in the areas of learning by
imitation, XRinstructions, and body representations. This section
will go into detail about the approaches in uencing this work.

2.1 Learning by Imitation

Practical skills often rely on spatial information and coordinated
movement, making the choice of instructional medium particu-
larly important [8]. From early childhood, humans acquire new
skills through imitation, a process that builds on observing and
reproducing the behavior of others3[. This form of social learning
emphasizes how the actions of a model and their interconnected
consequences form the foundation for knowledge. Further, demon-
strations by an expert represent a crucial rst step in skill acqui-
sition, typically followed by imitation, repeated practice, and the
development of e ective and active learning strategieR)[ 26.

But it does not always need another person to act as a model, see-
ing yourself performing a task on a skill level that has not yet
been achieved can further increase performant§.[ Therefore,
factors such as embodiment and social connectedness have been
shown to positively in uence learning e ciency and overall expe-
rience [2, 24. Importantly, embodiment is not static, but can shift
depending on the learner's perspective. These perspective changes
can also strengthen social connectednesd [further shaping how
instructions are experienced and internalized. Since quali ed peo-
ple are not always available to provide guidance, and traditional
methods make it di cult to achieve a shift in perspective during
instruction, we need to nd alternative ways to transfer practical
skills. XR technologies promise, through their contextual and spa-
tial abilities, to solve this problem. In the following, we will look at
related research in this area.

2.2 XR Instructions

XRapplications have been increasingly employed to teach knowl-
edge and practical skills, utilizing their three-dimensional nature to
achieve more accurate task demonstrations compared to traditional
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Figure 2: Timing (parallel, sequential) limbs (hand, arm)
visibility (opaque, transparent) conditions during the ma-
chine task instructions in AR.

manuals g5, 2D tutorial videos [L1, 15 65, and, in some cases,
even in-person training §9. These instructional approaches can be
broadly categorized into synchronous and asynchronous solutions.
Synchronous systems allow users and experts to interact in real
time, bridging large physical distances and enabling training sce-
narios that would otherwise not be possibl&. Examples include
systems that let users adopt another person's perspectid pxpe-
rience co-embodiment for improved imitatior2p, 38 62, or bene t
from enhanced communication through annotations and spatial
cues [L§ 23 28 66. However, synchronous training can become im-
practical when experts are required to instruct many learners simul-
taneously, leading to cognitive overload and scalability issué$.[
Asynchronous solutions address these limitations by decoupling
the guidance from real-time expert availability. Such systems can
be based on human recordings, Al-generated instructions, or a com-
bination of both [16 32 45 61]. AsynchronousXRinstructions are
particularly e ective for procedural and body-coordinated tasks,
especially when the instructor is visually representeti]. Most ex-
isting systems use third-person visualizations of the instructad
while a smaller number implemented rst-person view29 55, or
allow participants to select their preferred perspectiv&l] 45 65.
First-person visualizations have been shown to outperform third-

person ones in terms of task performance, social connectedness,

and embodiment35. Despite these promising ndings, research
on asynchronous rst-persorXRinstruction remains limited. Mov-
ing in synchrony with a virtual body can enhance embodiment
and social connectedness, which are factors known to support
learning [6Q 64, but few studies have explicitly investigated these
e ects in asynchronous settings. Timing appears to be an important
design factor: while communication delays can negatively a ect
collaboration and performance3f, well-structured imitation tim-
ing can improve speed imitation in non-avatar-based systedf3.[
Yang and Kin[69] compared synchronous, semi-transparent, par-
allel rst-person instructions to real-world, third-person sequential
training, nding that performance was maintained, and in some
cases improved, in the rst-person parallel condition. However, it
is di cult to determine whether these improvements are a result
of the perspective shift, imitation timing, or a combination of these
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factors, and how these ndings generalize to asynchronous settings.
In addition to timing and perspective, body visualization plays a
critical role. In AR, when the user's own physical body remains
visible, mismatched or additional limb representations can induce
discomfort or even a sense of creepineS§ 57, 6§. Over time, such

e ects may not only hinder task performance and embodiment but
also impact user well-being. Consequently, there is a strong need,
besides instruction timing, to understand how di erent body repre-
sentations in uence performance, memory retention, embodiment,
and comfort during asynchronous rst-person AR instructions.

2.3 Body Representations

Because every human body is unique and applications diXéR re-
searchers have explored various ways to depict participants' bodies
within immersive environments. When looking at realistic repre-
sentations, most studies adapt the virtual avatar's gender to the
participant, but often neglect to adjust skin tone or exclude partici-
pants based on gender or skin colaf][ This omission can nega-
tively impact the user experience and study results, as dissimilar
skin tone has been shown to decrease the sense of embodir@éht [

It can even lead to behavioral changes in motor tasg4|[ under-
lining the importance of similarity between virtual and real body
features. Recent work argues that matching skin color, not only
gender, is essential, both to prevent these in uences and to pro-
mote ethical inclusion4, 40. As an alternative, researchers have
experimented with arm and hand representations besides realis-
tic human arms, ranging from cartoonish to robotic, abstract, or
even invisible visualizationsg7] and investigated abstract versus
realistic guiding arms for assistance task&?. While some stud-

ies show the full arm of an instructor for the limbslf, others
only visualize the hands45 55, part of the arm R, or adapt

it depending on the proximity #1]. Such changes increase but
also decrease performance based on the task, and can be perceived
as uncanny or uncomfortable2p, 55 57, 6§. Transparency has
emerged as another design variable: semi-transparent hands can
make tasks feel easie6§ and, when paired with interpenetra-
ble interaction, improve e ciency [67]. A work by Zhang et al

[71] explored how blue ghost and realistic opaque full arm visu-
alizations a ect ownership, agency, and social presence of one's

@ (b)

Figure 3: The machine interface (a) and an exemplary imita-
tion step in the ( sequential, hand, opaque) condition (b). The
interface with its individual elements consists of the same
number of buttons, switches, pins, knobs, sliders, wheels,
and levers on both sides, as well as a shift and an additional
button in the middle of the board.
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Figure 4: The di erent phases of the study showing the varied conditions for each participant on the top and the xed steps of
the procedure on the bottom.

own versus the instructor's hand in Virtual RealityVR) using RQ1 How does thetiming of rst-person instructions a ect per-
controllers instead of the participants' hands. The results showed formance, immediate retention, and user experience during
that realistic hand visualizations improved ownership, while trans- two-handed tasks?

parency helped di erentiate the di erent hands from each other.  RQ2 How does thdimbsvisualization of rst-person instructions
However, transparency may also dehumanize avatars and in uence a ect performance, immediate retention, and user experi-
visibility di erently depending on skin tone, due to current display ence during two-handed tasks?

technology limitations p1]. Beyond visual delity, research has RQ3 How does thevisibility visualization of rst-person instruc-
compared collocated and interactive hand representatid?® 39. tions a ect performance, immediate retention, and user ex-
Other systems omit body visualization altogether, leaving the user perience during two-handed tasks?

without a virtual proxy while only showing the tools to interact
with [ 19 or only cues [LF. While this seems like the easiestway 3.1 Design
to visualize interactions and include all kinds of participants, it can
negatively impact performance compared to visualizing them with
body parts fL1. In general, this mismatch between the virtual body
and the participant's real body can have safety implications. Studies

In order to answer the research questions, we designed a user study
varying thetiming, limbs andvisibility as our three independent
variables, each with two levels:

show that dissimilar avatars can reduce body awaren&637], Timing of imitating the instructions, doing them irparallel
diminish body ownership $7, alter pain perception43 44, and (at the same time) osequentia(watch-then-do).

even increase the risk of injuryl4, which can be fatal when using Limbs visualization during the instructions, consisting of ei-
devices and tools during manual instructions. Most studies focused ther only thehandor full arm representations.

on changing one's own body representations, especially in VR en- Visibility of the limbs di erentiated by being displayedpaque
vironments. Therefore, it is still unclear how limb guidance from a or semitransparent

rst-person perspective needs to be designed not only t0 improve \yg yaried all independent variables in a within-subjects design
factors such as performance and retention, but also embodiment, i 2 total of 2 2 2 = 8 conditions and counterbalanced the

social factors, and comfort. order using a balanced Latin square (see Figure 2).

3 Methodology 3.2 Task

Prior research demonstrates th&R, particularly rst-personARin- To precisely evaluate the performance and immediate memory re-
structions, o ers clear advantages over traditional manuals, videos, tention, we designed a two-handed task inspired by prior work on
and even some in-person training method$y 65 69. Studies asynchronous XR instructions with machine interfaceil]42 55.
indicate that both the body representation and timing of infor- We selected a two-handed task that required Latin square balanced
mation delivery shape how e ectively users ful Il tasks1]2, 57]. use of both hands to minimize potential e ects of handedne3§ [
However, these factors have never been systematically examined Throughout the study, participants observed two virtual limbs from
for asynchronous rst-persomR instructions. As a result, funda-  a rst-person perspective, guiding them solely visually through
mental questions remain about how timing and body visualization actions on a machine interface. Depending on the condition, par-
a ect not only task performance and retention, but also critical  ticipants either imitated the movements simultaneously with the
aspects of user experience such as embodiment, social connectedanimation parallel) or rst observed and then imitated them after-
ness, and comfort. Consequently, addressing this gap is essential for ward (sequentigl Further, we varied the virtual limbs, depicting
designing future AR guidance that seamlessly integrates with real- only the hand or the full arm, and to appear either completely
world interactions. With ethics committee approval, we conducted visible paqué or see-throughtfansparen). After completing all

a controlled user study to investigate these factors and answer the imitation steps in a given condition, participants immediately re-
following research questions: peated the entire sequence from memory without visual guidance
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