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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, performmaintenance 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 Reality (XR) tutorials offer an alternative. They allow
recording and replaying expert demonstrations or including Ar-
tificial Intelligence (AI)-generated instructions to provide spatial
and contextual step-by-step guidance on demand [32, 61] directly
within the user’s environment. By situating the instructions in the
physical workspace, XR systems preserve spatial context, reduce
cognitive load, and offer a more immersive learning experience,
allowing the user to move intuitively with less visual obstruction
and occlusion [63]. This approach has proven particularly valuable
for procedural and body-coordinated tasks, especially when the
instructor is visually represented [11]. Previous work indicated
that shifting from a third-person to a first-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 first-person Aug-
mented Reality (AR) 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 embodiment in AR
instruction could further enhance learning outcomes. Techniques
such as synchronizing users’ movements with virtual limbs can
reinforce body ownership [60] 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 first affects 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 workspace [65]
and could therefore contribute to improving performance and mem-
orization, yet it also can lead to dehumanization [51]. The effects
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 effects of the imitation timing (parallel, sequential), the
visualization of the limbs (hand, arm), and their visibility (opaque,
transparent) on 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

user study (𝑛 = 40) in which the participants followed AR instruc-
tions involving step-by-step manipulation of manual controls in
a predefined order while varying the aforementioned variables,
and afterward repeated them without guidance to evaluate their
influence on memory. We found that parallel imitation was faster,
increased embodiment and perceived co-presence, whereas sequen-
tial interaction lowered mental load, felt easier, and yielded better
immediate retention of order, values, and hand use. Hands-only
visualizations further boosted order retention. However, visibility
did not influence the measured variables. With these findings, our
work offers clear design levers for speed-vs-retention trade-offs in
the design of XR instructions.

The contribution of this paper consists of:
(1) An experimental study of the effects of timing, limb visual-

ization, and visibility during a two-handed manual task and
the results on performance, user experience, and immediate
retention (𝑛 = 40).

(2) Based on the findings, 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, XR instructions, and body representations. This section
will go into detail about the approaches influencing 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 others [3]. 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 first step in skill acqui-
sition, typically followed by imitation, repeated practice, and the
development of effective and active learning strategies [10, 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 performance [19]. Therefore,
factors such as embodiment and social connectedness have been
shown to positively influence learning efficiency 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 connectedness [70], further shaping how
instructions are experienced and internalized. Since qualified peo-
ple are not always available to provide guidance, and traditional
methods make it difficult to achieve a shift in perspective during
instruction, we need to find 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
XR applications 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 [45], 2D tutorial videos [11, 15, 65], and, in some cases,
even in-person training [69]. 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 possible [56]. Examples include
systems that let users adopt another person’s perspective [13], expe-
rience co-embodiment for improved imitation [25, 38, 62], or benefit
from enhanced communication through annotations and spatial
cues [18, 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 issues [49].
Asynchronous solutions address these limitations by decoupling
the guidance from real-time expert availability. Such systems can
be based on human recordings, AI-generated instructions, or a com-
bination of both [16, 32, 45, 61]. Asynchronous XR instructions are
particularly effective for procedural and body-coordinated tasks,
especially when the instructor is visually represented [11]. Most ex-
isting systems use third-person visualizations of the instructor [11],
while a smaller number implemented first-person views [29, 55], or
allow participants to select their preferred perspective [41, 45, 65].
First-person visualizations have been shown to outperform third-
person ones in terms of task performance, social connectedness,
and embodiment [55]. Despite these promising findings, research
on asynchronous first-person XR instruction remains limited. Mov-
ing in synchrony with a virtual body can enhance embodiment
and social connectedness, which are factors known to support
learning [60, 64], but few studies have explicitly investigated these
effects in asynchronous settings. Timing appears to be an important
design factor: while communication delays can negatively affect
collaboration and performance [35], well-structured imitation tim-
ing can improve speed imitation in non-avatar-based systems [12].
Yang and Kim [69] compared synchronous, semi-transparent, par-
allel first-person instructions to real-world, third-person sequential
training, finding that performance was maintained, and in some
cases improved, in the first-person parallel condition. However, it
is difficult to determine whether these improvements are a result
of the perspective shift, imitation timing, or a combination of these

factors, and how these findings 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 creepiness [55, 57, 68]. Over time, such
effects 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 different body repre-
sentations influence performance, memory retention, embodiment,
and comfort during asynchronous first-person AR instructions.

2.3 Body Representations
Because every human body is unique and applications differ, XR 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 color [4]. This omission can nega-
tively impact the user experience and study results, as dissimilar
skin tone has been shown to decrease the sense of embodiment [21].
It can even lead to behavioral changes in motor tasks [34], 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 influences and to pro-
mote ethical inclusion [4, 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 visualizations [57] and investigated abstract versus
realistic guiding arms for assistance tasks [22]. While some stud-
ies show the full arm of an instructor for the limbs [13], others
only visualize the hands [45, 55], part of the arm [22], or adapt
it depending on the proximity [41]. Such changes increase but
also decrease performance based on the task, and can be perceived
as uncanny or uncomfortable [22, 55, 57, 68]. Transparency has
emerged as another design variable: semi-transparent hands can
make tasks feel easier [65] and, when paired with interpenetra-
ble interaction, improve efficiency [67]. A work by Zhang et al.
[71] explored how blue ghost and realistic opaque full arm visu-
alizations affect ownership, agency, and social presence of one’s

(a) (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 different phases of the study showing the varied conditions for each participant on the top and the fixed steps of
the procedure on the bottom.

own versus the instructor’s hand in Virtual Reality (VR) using
controllers instead of the participants’ hands. The results showed
that realistic hand visualizations improved ownership, while trans-
parency helped differentiate the different hands from each other.
However, transparency may also dehumanize avatars and influence
visibility differently depending on skin tone, due to current display
technology limitations [51]. Beyond visual fidelity, research has
compared collocated and interactive hand representations [20, 39].
Other systems omit body visualization altogether, leaving the user
without a virtual proxy while only showing the tools to interact
with [15] or only cues [12]. While this seems like the easiest way
to visualize interactions and include all kinds of participants, it can
negatively impact performance compared to visualizing them with
body parts [11]. In general, this mismatch between the virtual body
and the participant’s real body can have safety implications. Studies
show that dissimilar avatars can reduce body awareness [36, 37],
diminish body ownership [52], alter pain perception [43, 44], and
even increase the risk of injury [14], which can be fatal when using
devices and tools during manual instructions. Most studies focused
on changing one’s own body representations, especially in VR en-
vironments. Therefore, it is still unclear how limb guidance from a
first-person perspective needs to be designed not only to improve
factors such as performance and retention, but also embodiment,
social factors, and comfort.

3 Methodology
Prior research demonstrates that XR, particularly first-personAR in-
structions, offers clear advantages over traditional manuals, videos,
and even some in-person training methods [45, 65, 69]. Studies
indicate that both the body representation and timing of infor-
mation delivery shape how effectively users fulfill tasks [12, 57].
However, these factors have never been systematically examined
for asynchronous first-person AR instructions. As a result, funda-
mental questions remain about how timing and body visualization
affect not only task performance and retention, but also critical
aspects of user experience such as embodiment, social connected-
ness, and comfort. Consequently, addressing this gap is essential for
designing future AR guidance that seamlessly integrates with real-
world interactions. With ethics committee approval, we conducted
a controlled user study to investigate these factors and answer the
following research questions:

RQ1 How does the timing of first-person instructions affect per-
formance, immediate retention, and user experience during
two-handed tasks?

RQ2 How does the limbs visualization of first-person instructions
affect performance, immediate retention, and user experi-
ence during two-handed tasks?

RQ3 How does the visibility visualization of first-person instruc-
tions affect performance, immediate retention, and user ex-
perience during two-handed tasks?

3.1 Design
In order to answer the research questions, we designed a user study
varying the timing, limbs, and visibility as our three independent
variables, each with two levels:

Timing of imitating the instructions, doing them in parallel
(at the same time) or sequential (watch-then-do).

Limbs visualization during the instructions, consisting of ei-
ther only the hand or full arm representations.

Visibility of the limbs differentiated by being displayed opaque
or semi-transparent.

We varied all independent variables in a within-subjects design
with a total of 2 × 2 × 2 = 8 conditions and counterbalanced the
order using a balanced Latin square (see Figure 2).

3.2 Task
To precisely evaluate the performance and immediate memory re-
tention, we designed a two-handed task inspired by prior work on
asynchronous XR instructions with machine interfaces [11, 42, 55].
We selected a two-handed task that required Latin square balanced
use of both hands to minimize potential effects of handedness [33].
Throughout the study, participants observed two virtual limbs from
a first-person perspective, guiding them solely visually through
actions on a machine interface. Depending on the condition, par-
ticipants either imitated the movements simultaneously with the
animation (parallel) or first observed and then imitated them after-
ward (sequential). Further, we varied the virtual limbs, depicting
only the hand or the full arm, and to appear either completely
visible (opaque) or see-through (transparent). After completing all
imitation steps in a given condition, participants immediately re-
peated the entire sequence from memory without visual guidance
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(a) #FFFFFF
(𝛼 : 0.22)

(b) #F2EDE4
(𝛼 : 0.28)

(c) #ECDFC9
(𝛼 : 0.30)

(d) #CCBCA9
(𝛼 : 0.30)

(e) #AB947E
(𝛼 : 0.62)

(f) #735A43
(𝛼 : 0.99)

(g) #735A43
(𝛼 : 1.00)

Figure 5: The different skin tones of the limbs and their transparent counterpart, including the hexadecimal code and alpha
value (𝛼). (a-f) show limb shape 1 and (g) shape 2.

to assess retention. To ensure consistency, they stood in a fixed
position marked on the floor during both phases.

We designed the task to remain challenging but feasible by fol-
lowing the guideline of 7 ± 2 information chunks from Miller [46],
which defines the typical capacity of human working memory. This
resulted in 8 imitations per condition, divided into four sub-steps
with one left-hand and one right-hand interaction each, to improve
perception and memorization of the steps [65]. As the same order
of elements could have led to learning effects, we implemented 8
different element types, each only used once per sequence, while
varying the specific element and value. We counterbalanced the
element types with a Latin square together with the hand usage.
We mounted the 8 different element types mirrored on a vertical
wooden panel: 8 buttons, 4 switches, 4 sliders, 2 levers, 4 rotary
knobs, 4 pin sockets, including 2 pins, 2 wheels, and 1 shift in the
middle to improve reachability. We added another button in the top
middle of the panel to distinguish the actions of the participant and
the study supervisor. The machine interface is shown in Figure 3a.
With 8 conditions and 8 imitations per sequence, this results in a
total of 8 × 8 = 64 combinations. While only varying the order of
our 8 conditions, the 64 combinations of sequences, hand usage,
values, and elements stayed the same for every participant. For
instance, the first step involves using the left lever and then turning
the right wheel. One participant receives these instructions in the
(parallel, hand, opaque) condition, while the next completes the
same first sequence in the (sequential, hand, opaque) condition. This
exemplary first step during the sequential condition is shown in
Figure 3b, and the whole procedure in Figure 4.

3.3 Dependent Variables
As part of the study, we collect data using the loggers of the ma-
chine interface and application, videos, quantitative, and qualitative
questionnaires, as well as conducting interviews and taking notes,
resulting in the above-mentioned dependent variables:

3.3.1 Performance. was evaluated through correctness and task
completion time of the instructions imitation in the first phase. We
calculated the correctness by logging the electronic parts of the
machine interface and video recordings. Three authors validated
all measured values independently through the recorded videos,
which we then compared. We calculated 4 boolean values for cor-
rectness out of the data for each step: correct value adjustment,
correct element order, correct hand usage, and the overall correct

imitation. For elements with continuous values, we measured the
boundary between two setting options, resulting in reference ar-
eas. We estimated the correct hand usage solely through the video
recordings independently by two authors, and then compared the
data. Further, we measured the task completion time through
the logger data. We calculated the time from the beginning of the
animation to the last interaction with the interface (overall time)
as well as the time between the first and last interaction with the
interface (interaction time).

3.3.2 Retention. was evaluated by comparing the participants’ re-
call frommemory in the second phase against the initial instructions
and their imitation in the first phase. Specifically, we measured the
amount of correct value imitations, elements correctly following
one another (order), and hand usage similar to the first phase.

3.3.3 User Experience. collected using questionnaires. We evalu-
ated the mental load using the RAW (NASA-)TLX [30, 31] (21-
point Likert scale, 0: Very Low, 20: Very High), the Single Ease
Question (SEQ) to record the feeling of task difficulty [54] (7-point
Likert scale, 1: Very Difficult, 7: Very Easy) as well as our own ques-
tion regarding the participants’ perceived performance (7-point
Likert scale, 1: Strongly disagree, 7: Strongly agree). Further, we
obtained the information about the embodiment of the artificial
limbs using the short Avatar Embodiment questionnaire [50] (7-
point Likert scale, 1: Strongly disagree, 7: Strongly agree). For the
social factors, we measured the closeness towards the virtual ex-
pert using the Inclusion of Other and Self (IOS) [1] (7-point Likert
scale visualized through circles with 1 being not at all close and 7
being extremely close) and the Co-Presence using the Perception
of self sub-questionnaire of the Networked Minds Social Presence
Inventory (NMSPI) [5, 6] (7-point Likert scale, 1: Strongly disagree,
7: Strongly agree). The feelings towards the instructions, includ-
ing the comfort regarding the limb visualization, were assessed
with our own questions (7-point Likert scale, 1: Strongly disagree,
7: Strongly agree)

As qualitative measurements, we wrote notes during the study
and also allowed participants to leave written comments at the
end of the questionnaire after each condition. The semi-structured
interview questions at the end of the study addressed the experience
during the instructions, the timing, limbs, visibility, ownership of
the limbs, and general suggestions to get insight into the feelings
of the participants by using a mixed-methods approach.
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3.4 Apparatus
To conduct the study, we built a machine interface and a correspond-
ing AR application. We crafted the interface using a combination
of 3D printing, laser cutting, milling, drilling, jigsaw cutting, sol-
dering, and hot glue assembly. To capture user interactions with
all elements except the shift control, we integrated sensors includ-
ing buttons, switches, sliders, potentiometers, and rotary encoders.
These sensors were connected to an Arduino Mega ADK, which
communicated with a PC. The industrially manufactured shift was
connected directly to the PC. We implemented data logging and
event handling using the Arduino IDE with Python scripts.

The AR application was developed in Unity and on a Meta
Quest 3 headset, which remained connected to the PC through-
out the study to enable real-time control, marker tracking, and
pass-through streaming. To avoid battery drain, we alternated be-
tween two identical headsets. For each participant, we positioned
the interface on an adjustable table at the beginning of the study so
that it aligned with the participant’s shoulder level. This ensured
that the virtual arms appeared consistent with the participant’s
body, as we rendered the limbs up to the shoulder in the full-arm
condition using a similar representation as the one Lampen et al.
[41] implemented for their proximity condition. We used Character
Creator 4 to generate two limb shapes, each available in six skin
tones based on the Hafnia Hands dataset [52]. Participants could
select their preferred limb shape and tone at the beginning of the
study. To manipulate opacity for each skin tone, we adjusted the
alpha values to achieve a consistent level of transparency for all
visualizations, using the darkest shade as the baseline [51] (see Fig-
ure 5). For visual alignment, we created white ghost digital twins
of all interface elements and edited them with the recorded avatar
animations. Digital twins are commonly used in AR to enhance
realism and provide clear, spatially aligned guidance [48].

To measure performance, we logged the timestamp (in millisec-
onds), element identifier, and new value whenever a machine ele-
ment’s state changed. We additionally recorded key events such as
application start, animation start and end, sound cue playback, and
condition completion. A video camera continuously recorded the
interface during the study, allowing us to verify correct hand usage
and cross-check logged interaction data.

3.5 Procedure
After welcoming the participants, we introduced the procedure
whereby we framed both the task and interface in a neutral way
without a specific purpose to prevent any unintended bias. Further,
we obtained informed consent, measured their height, and fitted the
adjustable table with the interface on top to their shoulder height.
Next, we asked them to complete a pre-questionnaire capturing
demographic information and prior knowledge. The participants
then put on the Head-Mounted Display (HMD), and we launched
the application. We aligned the virtual machine elements with their
real-world counterparts through QR codes and adapted them via a
video stream. Then the participants chose a preferred limb shape
and color from the prepared set of models. Before each condition, we
told the participants whether they should perform the instructions
simultaneously with the instructor or after the demonstration. Once
they were ready, we started the first condition. We played a sound

(a) (b)
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Figure 6: Box plots of the overall (a) and interaction (b) task
completion time by timing, visualizing an increase of the
overall time and a decrease of the interaction time for the
sequential compared to the parallel condition.

cue to signal when they should begin imitating, and the participants
verbally indicated when they had completed the step, followed
by us triggering the next animation using a keyboard command.
This was an intentional decision not to interfere with the memory
of the participants by pressing an additional button between the
animations. The participants did this process four times. Afterward,
they turned around so that they could not watch us resetting the
interface. Before and after resetting, we pressed a button on top
of the interface so that we could differentiate between our actions
and the participants’ actions. This took approximately 30 seconds.
They then repeated the full instruction sequence from memory, this
time without visual guidance, before pressing the button on top of
the interface to signal that they are finished. Next, they removed
the HMD and completed a questionnaire on a computer about the
current condition. This inter-condition pause of approximately 4
minutes mitigated simulator sickness and enabled reconfiguration
of the interface for the subsequent condition. We repeated this
procedure with different conditions, elements, and values until
the participants had completed all eight conditions. Finally, we
conducted an audio-recorded interview to capture their impressions.
The entire experiment took about 75 minutes per participant.

3.6 Participants
For the study, we recruited 40 participants (22 women, 18 men),
aged between 21 and 64 (𝑀𝑒𝑎𝑛 = 27.95, 𝑆𝐷 = 7.49). 38 participants
were right-handed, and 2 were left-handed, with the height varying
between 1.59 m and 1.91 m (𝑀𝑒𝑎𝑛 = 172.23, 𝑆𝐷 = 8.54). The
participants consisted of 24 students, 4 researchers, 2 healthcare
workers, 2 designers, 2 trainees, 1 physiotherapist, 1 consultant,
1 mechanic, 1 graduate, 1 unemployed person, and 1 language
correspondent. All participants voluntarily took part in the study
and got reimbursed 12€ per hour or study points.

3.7 Analysis
We analyzed our data using Linear and Generalized Mixed Effects
Models (LMM/GLMM). For ordinal questionnaire responses (e.g.,
IOS), we used clmm with a logit link fitted using the ordinal R
package as suggested by Christensen [17]. We employed GLMMs
(logit link) with a binomial family fitted using the glmmTMB [9] pack-
age for binary variables (e.g., correct value). For count data like
the retention measures, we followed a similar approach but used a
Poisson family. We used (Gaussian) linear models fitted using lme4
for continuous data such as the task-completion time. All models
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Figure 7: Box plots of the value (a-b) and order (c-f) retention compared to the initial instructions (a, c, d) and the inputs of the
participants in the imitation phase (b, e, f) by timing (green) and limbs (orange) showing increased retention in the sequential
and hand condition.

included our independent variables: timing (parallel, sequential),
limbs (hand, arm), and visibility (opaque, transparent), and their
interactions as fixed effects. We further added a random intercept
per participant and tested fixed effects with Type-III Wald tests.
We assessed model assumptions via residual diagnostics using the
performance package. To estimate the mean response and perform
post-hoc contrasts, we used Bonferroni-corrected Estimated Mar-
ginal Means (EMMs) as proposed by Searle et al. [58] using the
emmmeans package. Due to loss of data recordings, we excluded 6
of the 320 questionnaires from 4 different conditions and 52 of the
1,280 runs from all 8 conditions. The Linear Mixed Effects Mod-
els (LMM) fully accounted for this missing data, as it is well-suited
for handling incomplete datasets. We highlighted significant differ-
ences (p<.001: ∗ ∗ ∗, p<.01: ∗∗, p<.05: ∗) for all box plots.

4 Results
In the following, we report the results of our controlled quantitative
and qualitative user study with a focus on the variables that showed
significance. In the pre-questionnaire, the participants reported
on a 7-point Likert scale (1: Strongly disagree, 7: Strongly agree)
their prior experience with AR (𝑀𝑒𝑎𝑛 = 4.12, 𝑆𝐷 = 1.73), HMD
(𝑀𝑒𝑎𝑛 = 3.42, 𝑆𝐷 = 2.07), and machine interfaces (𝑀𝑒𝑎𝑛 = 3.42,
𝑆𝐷 = 1.84). 21 participants picked limb shape 1 (Figure 5a-5f) and
19 picked shape 2 (Figure 5g) as a representation at the beginning of
the study. 9 chose (a), 6 (b), 16 (c), 6 (d), 2 (e), and 1 (f) from Figure 5
as the skin tone. The Mean and standard deviation (SD) values are
listed in Table 1.

4.1 Performance
We assessed the performance of the first imitation phase by an-
alyzing the correctness per step as Boolean values and the task
completion time in milliseconds.

4.1.1 Correctness. In order to analyze the correctness, we calcu-
lated the correct value adjustment, action order, hand usage, and the
resulting overall correct execution. Thereby, we could not find any
significant effects for the correct value (𝑀𝑒𝑎𝑛 = 0.78, 𝑆𝐷 = 0.42),
order (𝑀𝑒𝑎𝑛 = 0.93, 𝑆𝐷 = 0.26), hand (𝑀𝑒𝑎𝑛 = 0.94, 𝑆𝐷 = 0.24) or
overall correctness (𝑀𝑒𝑎𝑛 = 0.71, 𝑆𝐷 = 0.45).

4.1.2 Task Completion Time. We determined the task completion
time in two ways: the beginning of the animation to the last interac-
tion with the interface (overall time) and the time from the first to
last interaction with the interface (interaction time). The analysis

shows that the timing significantly affects the overall time (𝜒2 (1) =
2150.81, p < .001) with sequentially taking longer than parallel
(Figure 6a), while for the interaction time (𝜒2 (1) = 84.05, p < .001)
parallel is more time intensive than sequential (Figure 6b).

4.2 Retention
For the retention, we compared the value adjustments, action order,
and hand usage of each retention phase with the initial instruction
sequence, as well as the imitated actions of the participants in the
first round, as count values.

4.2.1 Value. When looking at how the participants recalled the
initial instruction sequence, the results show that a significant effect
on timing value adjustment (𝜒2 (1) = 28.95, p < .001) with sequen-
tial being more accurate (Figure 7a). In addition, we compared the
actions of the participants in the imitation phase to the retention in
the repetition phase. The results indicate a significant difference for
timing (𝜒2 (1) = 42.09, p < .001) with parallel performing worse
than sequential (Figure 7b).

4.2.2 Order. For the recall of the initial instruction sequence, the
results show that the timing (𝜒2 (1) = 83.80, p < .001) significantly
affects the order, with sequential being more accurate (Figure 7c).
Further, the analysis reveals that the hand leads to a higher order
recall than the arm limbs (𝜒2 (1) = 5.73, p < .05) (Figure 7d). When
comparing the imitation of the order from the first phase with the
recall in the second phase the analysis shows significant effects for
timing (𝜒2 (1) = 81.97, p < .001) and limbs (𝜒2 (1) = 9.31, p < .01)
with sequential (Figure 7e) and hand (Figure 7f) leading to better
results than their counterpart.

4.2.3 Hand usage. The analysis of the correct hand usage for tim-
ing shows significant effects both for recalling the initial imitation
sequence (𝜒2 (1) = 22.22, p < .001) (Figure 8a) as well as the recall
of the participants actions in the first phase (𝜒2 (1) = 21.09, p <

.001) (Figure 8b) with sequential leading in both cases to improved
hand usage recall.

4.3 User Experience
In addition to the performance and retention measurements, we col-
lected the user experience through questionnaires regarding mental
load, embodiment, social factors, and the instructions, including
comfort towards the limbs.
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Figure 8: Box plots of the hand retention compared to the initial instructions (a) and the inputs of the participants in the
imitation phase (b), as well as the Raw TLX (c) and embodiment (d) from the user experience questionnaire by timing, showing
an increase for the order retention and a decrease for Raw TLX and embodiment for sequential compared to parallel.

4.3.1 Mental Load. To measure mental load, we used the Raw TLX
showing a significant effect for timing (𝜒2 (1) = 38.25, p < .001)
with parallel leading to a higher rating (Figure 8c). Furthermore, we
found significant effects regarding timing for the SEQ evaluating
perceived task difficulty (𝜒2 (1) = 46.09, p < .001) and our own
question about successful task completion (𝜒2 (1) = 40.01, p < .001)
both with sequential resulting in an increased rating (Figure 9a).

4.3.2 Embodiment. We determined the embodiment with the short
Avatar Embodiment questionnaire. The analysis shows significant
effects for timing (𝜒2 (1) = 35.58, p < .001) with parallel resulting in
a higher embodiment (Figure 8d). Moreover, the results showed an
interaction effect for the limbs and visibility (𝜒2 (1) = 6.20, p < .05)
with the post-hoc test showing no significance.

4.3.3 Social Factors. We assessed the social closeness using the
IOS scale and the co-presence with part of the NMSPI. The results
showed significant effects for timing for the IOS scale (𝜒2 (1) =

13.43, p < .001) and the question if you feel like being in the same
room as the instructor (𝜒2 (1) = 4.71, p < .05) from the NMSPI
both with parallel leading to higher ratings compared to sequential
(Figure 9b). The data also showed an interaction effect regarding
timing and limb for the question if the participant had the feeling of
being in a different place than the instructor (𝜒2 (1) = 6.19, p < .05)
with the post-hoc test revealing no significance (𝑀𝑒𝑎𝑛 = 2.84,
𝑆𝐷 = 1.52). In addition, the other co-presence questions regarding
awareness of (𝑀𝑒𝑎𝑛 = 4.75, 𝑆𝐷 = 1.71) or hardly noticing the
instructor (𝑀𝑒𝑎𝑛 = 3.19, 𝑆𝐷 = 1.81) showed no significant effects.

4.3.4 Instructions. Further, we asked our own questions regarding
the instructions. The analysis shows significant effects regarding
timing for the questions if the participants liked (𝜒2 (1) = 12.69, p <

.001) and understood the instructions (𝜒2 (1) = 8.78, p < .01) as
well as if the instructor performed well (𝜒2 (1) = 12.80, p < .001)
all with sequential resulting in higher ratings than parallel (Fig-
ure 10a). Moreover, the analysis showed significant effects regarding
the discomfort towards the virtual limbs both for timing (𝜒2 (1) =
6.69, p < .01) and limbs (𝜒2 (1) = 7.48, p < .01) with parallel and
arm achieving higher ratings (Figure 10b).

4.4 Interviews and Qualitative Notes
We asked the participants about their experience in semi-structured
interviews, which we recorded. After transcribing the audio, we
conducted a thematic analysis [7], with two researchers indepen-
dently coding 20% of the transcripts in ATLAS.ti. We then reviewed,

discussed, and refined the codes. We continued to code the data
and iteratively discussed code groups and whether codes should be
added. This resulted in 175 codes summarized in the following.

When we asked the participants what they liked, 37.5% found
the experience interesting, fun (20%), good (37.5%), natural (10%),
and better than traditional instructions (7.5%). 20% enjoyed the new
experience in XR with 5% stating that it felt like “playing a game”
(P11). Of the participants, 17.5% liked the machine interface, 5%
found it good, that the instructions were clear (5%), the imitation
task easy (7.5%), with some participants liking the challenge (7.5%).

The participants disliked that it was difficult to remember the
instructions (67.5%), with 22.5% finding them too fast, sometimes too
slow or too fast (7.5%), repetitive (7.5%), and lacking meaning (5%).
5% stated that they did not know where the instructions started,
with 42.5% answering that the experience was difficult. P6 stated:
“It was quite fun, but also partly demanding, at least for me, because I
really tried my best for the memorizing part.” 10% expressed that the
repetition was challenging, the elements hard to differentiate (7.5%),
sometimes not visible (10%), with some disliking specific haptic or
virtual elements (5%). For 30%, the experience got more challenging
over time, with 15% noting that there were too many rounds. Of
the participants, 10% disliked the HMD, as it was uncomfortable
(5%). 30% were disappointed in their own performance, and 17.5%
pointed out that “there is nothing really to dislike” (P33).

Regarding the timing, 80% of the participants preferred sequen-
tial, 15% parallel, and 5% were indifferent. For parallel, 10% of the
participants liked that it was easier to remember with less time
to forget the instructions (10%) and that it felt natural (10%). 20%
disliked that they were reflecting less about their actions, as parallel
felt like only doing motor activity. P17 mentioned: “When I just fol-
low along, I’m concentrating on following, so I don’t really know what
I’m doing.” The participants liked that sequential has advantages
in terms of remembering (70%), more time (40%), overview (32.5%),
and visibility (5%) of the instructions. Further, they perceived se-
quential as easier (10%), and not as stressful (17.5%). Still, P6 said
regarding the sequential condition: “My body was kind of acting on
its own. It’s like I couldn’t wait.” 5% of the participants noticed no
difference in memorization between sequential and parallel.

For the limbs 22.5% preferred hand, 30% arm, and 47.5% noticed
no difference. On the one side, the participants preferred the hand
visualization, as the instructions were better visible (5%). On the
other side, the hand representation felt uncomfortable (15%) and
distracting (7.5%). P9 mentioned: “You suddenly see some hands, and
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Table 1: Mean and SD of all variables divided by variables and levels. All values that show significance are highlighted (black).

Timing Limbs Visibility

Parallel Sequential Hand Arm Opaque Transparent
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Performance
Correct Value 0.76 (0.43) 0.78 (0.41) 0.79 (0.41) 0.76 (0.43) 0.78 (0.41) 0.76 (0.43)
Correct Order 0.92 (0.27) 0.94 (0.24) 0.94 (0.24) 0.92 (0.27) 0.93 (0.25) 0.93 (0.26)
Correct Hand 0.95 (0.23) 0.93 (0.26) 0.93 (0.25) 0.94 (0.24) 0.94 (0.24) 0.93 (0.25)
Correct Overall 0.71 (0.45) 0.71 (0.45) 0.73 (0.44) 0.70 (0.46) 0.72 (0.45) 0.70 (0.46)
Time Overall 7.57 (1.39) 14.25 (2.02) 10.91 (3.80) 11.00 (3.78) 11.00 (3.80) 10.92 (3.78)
Time Interaction 4.08 (1.55) 3.39 (1.68) 3.70 (1.57) 3.77 (1.73) 3.82 (1.75) 3.65 (1.55)

Retention
Value: Instruction 3.70 (1.77) 5.00 (1.86) 4.50 (1.92) 4.21 (1.93) 4.39 (1.88) 4.33 (1.98)
Value: Imitation 3.89 (1.88) 5.49 (1.83) 4.77 (2.08) 4.61 (1.97) 4.73 (1.98) 4.65 (2.07)
Order: Instruction 0.92 (1.43) 2.32 (2.38) 1.78 (2.10) 1.49 (2.07) 1.53 (1.95) 1.73 (2.22)
Order: Imitation 1.00 (1.61) 2.42 (2.47) 1.93 (2.28) 1.51 (2.12) 1.63 (2.14) 1.81 (2.28)
Hand: Instruction 4.63 (1.91) 5.88 (1.74) 5.27 (2.01) 5.26 (1.86) 5.28 (1.91) 5.25 (1.96)
Hand: Imitation 4.75 (1.89) 5.99 (1.75) 5.39 (2.01) 5.36 (1.84) 5.42 (1.89) 5.34 (1.96)

User Experience
Raw TLX 10.6 (3.33) 8.92 (3.51) 9.68 (3.56) 9.83 (3.49) 9.68 (3.57) 9.82 (3.48)
SEQ 2.96 (1.47) 3.86 (1.60) 3.42 (1.61) 3.42 (1.59) 3.41 (1.59) 3.43 (1.61)
Task Completion 3.30 (1.54) 4.21 (1.74) 3.85 (1.71) 3.67 (1.70) 3.87 (1.68) 3.66 (1.72)
Embodiment 3.44 (1.13) 2.94 (1.15) 3.19 (1.14) 3.18 (1.19) 3.20 (1.14) 3.17 (1.19)
IOS 3.91 (1.83) 3.39 (1.91) 3.64 (1.77) 3.65 (1.99) 3.59 (1.91) 3.70 (1.86)
NMSPI: Same Room 5.00 (1.58) 4.80 (1.65) 5.01 (1.49) 4.78 (1.73) 4.92 (1.59) 4.88 (1.65)
NMSPI: Different Place 2.88 (1.53) 2.81 (1.51) 2.74 (1.43) 2.94 (1.60) 2.80 (1.55) 2.89 (1.49)
NMSPI: Awareness 4.85 (1.66) 4.66 (1.76) 4.83 (1.66) 4.68 (1.76) 4.79 (1.74) 4.72 (1.69)
NMSPI: Noticing 3.22 (1.84) 3.16 (1.78) 3.08 (1.72) 3.29 (1.90) 3.22 (1.84) 3.15 (1.78)
Instructions: Liked 4.66 (1.56) 5.13 (1.35) 4.91 (1.44) 4.89 (1.51) 4.90 (1.49) 4.90 (1.47)
Instructions: Understood 5.87 (1.10) 6.10 (0.92) 6.06 (0.93) 5.91 (1.10) 5.97 (1.02) 6.01 (1.02)
Instructions: Performance 4.73 (1.43) 5.19 (1.34) 5.06 (1.35) 4.87 (1.46) 4.94 (1.40) 4.99 (1.41)
Instructions: Discomfort 2.63 (1.62) 2.30 (1.50) 2.33 (1.49) 2.59 (1.63) 2.37 (1.45) 2.56 (1.67)

you don’t know where they come from. But if you see the whole thing,
then you know it’s from a person.” According to the participants with
arm, they could remember better (7.5%), felt more like their own
limbs (17.5%), more realistic (10%), and could more easily perceive
the movement (10%). But the arm also felt uncomfortable (15%) with
an out-of-the-body experience (5%). Further, 12.5% found it distract-
ing, and obstructing the view (5%). P26, for example, explained: “The
whole arm basically makes it more confusing, because then it feels like
it’s not me.” In general, 5% said that the limbs were making it hard
to see the position of the elements, and better when they imagined
the limbs as an extension of themselves (5%). For the people who
did not see a difference between the limbs, 5% mentioned they only
saw the arm, and 15% only the hand.

Looking at the visibility, 17.5% prefer opaque, 12.5% prefer trans-
parent, 65% did not notice a difference, and 5% had no preference.
12.5% of the participants mentioned that opaque lead to clearer
instructions as they “knew where to focus” (P38). 7.5% found it more
realistic, better to blend with your body (7.5%), but also irritating
(7.5%). With transparent visualization, it was easier to follow (5%),
and improved visibility of instructions (15%): “It doesn’t feel like an
obstruction of my sight, and it is clearer. I have fuller vision, I guess.”
(P8). The participants also mentioned that transparent felt like a
disconnection between view and reality (5%).

Of the participants, 12.5% said it felt like another person, 70%
thought it was not another person, and 17.5% had the feeling in
specific moments. The participants perceived the instructions as a
presence (5%), a navigation guideline (10%), or explicitly as virtual
(25%). P1 explained: “I know the instructions are from a computer,
not from you or from my head.” 5% only felt like there was another
person at the beginning, or 5% during sequential in combination
with opaque. 25% stated they mostly focused on the task.

When we asked if the visualizations felt like themselves, 42.5%
of the participants did not feel like the limbs belonged to them,
50% felt only in specific moments like the instructor, 5% always
felt, and 2.5% nearly felt like the instructor. 5% felt like they could
control the instructor. On the contrary, they said feeling like the
instructions are yourself is weird (7.5%). Of the participants, 32.5%
only felt like the instructor in the parallel condition. P3 forgot to
move in the parallel condition due to this feeling: “That part, when
you reminded me I should do it alongside, that was the part when I
thought I was already doing it.” 5% felt like the instructor during
longer interactions and 7.5% only at the beginning.

We also asked the participants for general suggestions. 5%
recommended improving where to look, and 5% to slow down the
speed of the parallel instructions. Of the participants, 10% said that
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Figure 9: Likert scales of the SEQ and perceived performance (a) as well as the IOS and NMSPI subquestion (b) by timing
showing an increase in results for SEQ and perceived performance for sequential compared to parallel as well as a decrease in
results for the IOS and NMSPI subquestion.

it would be great to use the instructions in real life: for companies
and “for people to do things by themselves” (P7).

Additionally, we also gave the participants the option to write
comments at the end of each questionnaire part and took notes dur-
ing the study. In the questionnaire, the participants also mentioned
that they sometimes had to tilt their head to see specific instruc-
tions, and that they felt disconnected when the movement of the
instructions was different from their own in the parallel condition.
Despite the sound cue, we sometimes had to remind participants
during the study to either start directly in the parallel or wait in the
sequential condition. Thereby, it was visible that some participants
had to actively stop themselves from starting immediately during
the sequential condition. In 4 rounds, we encountered headset issues
between conditions, which led to longer calibration periods.

5 Discussion and Guidelines
Our study results provide consistent evidence that the timing and
limb visualizations, but not the visibility, influence performance,
immediate retention, and user experience during first-person AR
instructions. Regarding RQ1, the findings show that while parallel
timing leads to higher embodiment and is overall faster, sequential
improves comfort and memorization. For RQ2, we observed that
the hand only limbs representation can improve comfort as well
as correct order retention. Still, arm is more preferred among the
people who noticed a difference between the visualizations. About
RQ3, the empirical results show that visibility did not influence the
measured variables in our study design. In the following, we will
discuss our findings in detail.

5.1 Faster is not Always Better
Our results show that timing did not influence correctness during
the first imitation, confirming that participants can complete a task
accurately regardless of whether instructions are given in parallel
or sequentially. However, when we consider the impact on time,
immediate memory, and user experience, a more nuanced picture
emerges. As participants had to watch the full instructions before
starting the task in the sequential condition, parallel instructions
resulted in a shorter total task duration. By contrast, sequential
instructions were faster during the interface interaction itself. We

attribute this finding to the participants needing to actively pro-
cess, remember, and plan their actions while watching, rather than
focusing passively and solely on copying in real time. In addition,
as the participants first had to watch and then act in the sequential
condition, they already had to recall the instructions once, leading
to further memory reinforcement and therefore better retention.
From a cognitive perspective, sequential instructions appeared to
be easier and less mentally demanding. Participants reported a bet-
ter understanding of the instructions and greater satisfaction with
how they completed the task. This was reflected in performance:
sequential instructions led to more accurate repetition from mem-
ory of order, values, and hand usage, again suggesting stronger
memory consolidation. This is consistent with the assumption that
memorization and, in the long run, learning take time [27, 59]. In-
terestingly, while the participants preferred sequential imitations,
we still observed impatience with the interface in this condition,
an observation that aligns with previous findings on first-person
sequential instructions [55]. Therefore, it is still unclear how to
effectively time instructions to prevent users from unintentionally
starting the interaction too early. Parallel instructions, on the other
hand, elicited a stronger sense of embodiment and co-presence, as
participants felt socially closer to the instructor and more in the
same room. However, this enhanced embodiment did not translate
into better immediate retention and may even have contributed to
increased discomfort. Qualitative feedback suggests that this effect
might stem from moments of confusion about whether the virtual
limbs were perceived as their own or as belonging to another per-
son. They stated that the experience felt not entirely natural, which
may have caused uneasiness. They also perceived the instructor
performing worse in the parallel condition and expressed a pref-
erence for sequential instructions in the future. As we created a
rather difficult task, some participants said in the interviews that
they were disappointed in their own performance. This, combined
with the blurred distinction between self and instructor in the par-
allel condition, may have caused participants to project their own
performance onto the observed instructions.

These findings raise questions about the relationship between
embodiment, social factors, memory, and task difficulty. While par-
allel instructions may increase embodiment and social factors, they
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Figure 10: Likert scales of the questions regarding the quality of the instructions (a) and discomfort (b) by timing and limbs
with sequential leading to higher ratings for the instructions questions as well as parallel and arm resulting in increased
discomfort ratings.

do not necessarily support retention or a positive user experience.
From a design perspective, our results indicate that the choice be-
tween parallel and sequential instructions should depend on the
instructional goal. For tasks that must be completed quickly and
where memorization is less critical, parallel instructions may be
preferable. Conversely, when retention, accuracy, and comfort are
priorities, sequential instructions appear more effective. As con-
current guidance optimizes immediate execution by encouraging
cognitive offloading, delayed imitation requires and encourages
users to memorize and recall, which supports retention. Based on
these observations, we define the following design guideline:

Use parallel timing when speed, embodiment, social close-
ness, and co-presence matter more than retention, and se-
quential when memorization, and comfort are priorities.

5.2 Hands Support Retention
Our results show that limb representation had no significant effect
on direct imitation performance, mental load, or instruction quality,
suggesting that the dimensions of the virtual limbs did not interfere
with participants’ ability to accurately reproduce the demonstrated
steps directly. However, we observed more nuanced effects when
considering short-term memory-based performance. Specifically,
hand representations improved participants’ ability to recall the or-
der of the instructions. This effect extended beyond the instructional
sequence to the reproduction of participants’ own prior actions,
indicating that hand-based representations may facilitate stronger
motor memory consolidation and self-referential encoding [53]. We
attribute these effects to the fact that hand representations focus
attention more precisely on the action being performed while mini-
mizing obstruction and improving the view to the interface [11, 55].
Although participants were able to imitate actions equally well
under both conditions, memorizing the sequence order later proved
to be more challenging when using arm representations. This may
relate to the embodiment experience: some participants reported
that arm representations felt less comfortable and did not feel as
if the limbs belonged to them. This reduced sense of ownership
may have interfered with encoding and later recall. In some cases,
participants even perceived the arms as belonging to another per-
son, while at the same time leading to no improvement in social
closeness. This could have created a subtle feeling of intrusion into

their personal space and contributed to discomfort [41, 47]. Inter-
estingly, while approximately half of the participants reported not
noticing a difference between limb representations, those who did
notice often preferred arms over hands during interviews. This may
be explained by the arms’ greater visual realism, better guiding
properties, and increased visibility, which some participants found
helpful for following along during the task.

Taken together, in our study setup, hand visualizations improved
immediate order retention and comfort. Still, many participants
preferred the arm representation in the interviews, suggesting that
limb representation design should be adaptable. Different users
may benefit from different representations depending on whether
the goal is memorization, comfort, or preference. Allowing users to
choose between hand- or arm-based representations or dynamically
adjusting representations based on task demands could optimize
both user experience and retention outcomes. Such customization
could also accommodate individual differences in embodiment per-
ception, ensuring that virtual limbs are perceived either as part of
the user’s own body or as those of another person, depending on
the user and desired interaction context. These findings lead to the
following design recommendation:

Hands-only representations aid immediate order retention
and comfort, while some users may prefer arms for guidance.

5.3 Invisible Visibility
Our findings show that limb visibility did not significantly influence
performance, immediate retention, embodiment, or user experience
in our setup. This outcome stands in contrast to prior research sug-
gesting that reducing visual occlusion can improve task execution
[11, 55], that transparent limbs can make tasks feel easier [65, 67],
and that opaque visualizations may enhance body ownership [20].
A plausible explanation lies in the nature of the stepwise procedural
motor task, which required participants to focus on and remember
interface elements. In this setting, differences in limb visibility may
not have carried enough perceptual weight to affect behavior. Inter-
view data support this interpretation: although transparent visibility
improved the view of interface elements, this benefit did not lead
to measurable improvements and even created confusion between
virtual and physical elements. Conversely, while opaque limbs some-
times covered parts of the interface, they appeared to support focus
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for some participants. This suggests that improved visibility alone
does not guarantee more effective guidance. The lack of an embodi-
ment effect also indicates that, while avatar transparency can cause
dehumanization [51] in first-person AR instruction contexts, own-
ership is shaped more by spatial alignment, motion synchrony, and
viewpoint consistency than by the transparency of the limbs. This
implies that realistic transparent limb visualizations can remain
valuable without compromising body ownership. Importantly, over
half of the participants did not notice the visibility manipulation at
all, aligning with the phenomenon of attention tunneling during
cognitively demanding tasks [63]. When cognitive load is high and
instructional demands are immediate, peripheral visual properties
may be overlooked. Among those who did notice a difference, pref-
erences were approximately evenly split with only a slight leaning
towards opaque visibility, indicating no clear tendency among users.

In summary, these results suggest that limb visibility alone is
unlikely to affect performance, immediate retention, or user experi-
ence in tightly guided first-person AR instruction scenarios. Instead,
visibility appears to be a matter of personal preference rather than
functional necessity. Consequently, systems should allow users to
tailor transparency to their own comfort and perceptual needs,
leading to the following design implication:

Visibility should be individually adaptable, even though
it may not influence performance, immediate retention, or
user experience.

6 Limitations and Future Work
Our study provides valuable insights into the effects of instruction
timing, limb representation, and visualization style on task per-
formance, immediate retention, and memory. In the following, we
qualify the scope of our claims and the limitations that result from
this. Technical advances will take some limitations away. Several
participants noted that the limited field of view of the HMD made
it difficult to focus simultaneously on the task interface and the
displayed limbs. New headset technology, particularly wider field-
of-view devices, could improve the visibility of virtual limbs and
reduce cognitive load during task execution.

6.1 One Task does not Fit All
To ensure reproducibility and increase internal validity, we inten-
tionally conducted the study in a fixed laboratory setup, focusing
on procedural motor memory based on a repetitive two-hand task.
The aim was to reveal differences between conditions while using
a counterbalanced within-subject design. With this well-defined
apparatus that is described in detail, we ease the recreation of the
experiment. The stationary setting allowed us to study the effects
on short-term memory and performance experimentally, providing
high internal validity. We expect that our results transfer to other
settings and tasks, but our empirical findings are limited to this
setup and study design, constraining the external validity.

6.2 Every Body is Different
To optimize embodiment and reduce potential biases, we allowed
participants to select a limb shape and skin tone from a prede-
fined set that matched their own appearance to a large extent. This

approach was informed by prior work on embodiment and inclu-
sion [4, 21, 34], and was intended to minimize behavioral changes
and perceptual distraction caused by visual dissimilarity. Using the
predefined set comes with limitations with regard to the realism
of the virtual limbs. In our setting, we could not recreate partic-
ipants’ individual physical characteristics, such as tattoos, body
hair, jewelry, and age-related features, precisely. We also could not
recreate the movement behavior that exactly matched their move-
ment. These factors could potentially limit the identification with
the avatar and, in turn, the embodiment effects.

6.3 Towards Personal Helping Hands
Going beyond the highly controlled task in our study, future work
could extend the experimental work to evaluate tasks with varying
difficulty levels, including more naturalistic settings where distrac-
tions, spatial constraints, locomotion, and environmental variability
are present. This could be combined with further exploration on
how pacing can be communicated and enforced. Since our work fo-
cused on procedural learning, examining whether the same patterns
hold for declarative learning could provide a richer understanding
of how different memory systems respond to AR-based instruc-
tions. Incorporating more personalized avatar generation or 3D
scans could further improve future systems through more realistic
avatar representations. Varying transparency systematically be-
yond the two levels could reveal optimal levels for task focus, limb
shape, and interface visibility. A bigger research challenge, that
goes beyond instructional XR systems, is to experimentally explore
how embodiment interacts with memory and user satisfaction.

7 Conclusion
In this work, we systematically investigated the effects of instruc-
tion timing, limb representation, and visibility on task performance,
immediate memory retention, and user experience during a two-
handed manual task. To explore these factors, we developed a cus-
tom AR application and a physical machine interface that showed
first-person instructional animations. In a controlled experiment, 40
participants imitated the XR instructions and subsequently repeated
the full sequence from memory. Our findings provide the following
key insights: While none of the manipulated variables significantly
affected the accuracy of the first imitation, performing the instruc-
tions in parallel with the animation resulted in faster overall task
completion, a stronger sense of social closeness, co-presence, and
embodiment. In contrast, performing them sequentially enhanced
memory retention and increased subjective comfort. Representing
the limbs with hands only positively influenced immediate order
retention and comfort, although many participants reported a pref-
erence for the full-arm visualization. Furthermore, visibility did not
significantly affect the measured variables. Together, these results
demonstrate that the design of first-person AR instruction systems
must carefully balance efficiency, memory retention, and user expe-
rience. We encourage future work in this area to analyze different
use cases and the visualization degrees of the measured variables to
further generalize these findings. We are convinced that this study
represents an important step toward ubiquitous first-person AR
instruction systems that not only enable users to operate devices
autonomously but also support memorization.
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