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Abstract

Children are increasingly using augmented reality (AR) headsets
in different contexts, such as education. However, it is unclear
how children expect to interact with virtual objects in AR head-
sets; children’s expectations for technology can significantly differ
from adults. Therefore, we conducted an elicitation study with 20
children (ages 9-12), in which children proposed interactions for
tasks with a virtual cube (e.g., moving, expanding, creating, etc.) in
an AR headset. We constructed a conceptual model of children’s
expectations with virtual-object interactions in AR headsets and
analyzed their proposed interactions. We found that children pre-
ferred gestures, expecting to utilize their whole body (e.g., pushing,
kicking) and external objects (e.g., hammer, sword) to interact with
the cube, and rarely considered speech, which differs from adults.
Children also frequently added their own motivations, creating a
narrative behind their interactions. We provide foundational in-
sights into children’s expectations for virtual-object interaction in
AR headsets.
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1 Introduction

Augmented reality (AR) is a technology that supplements the real
world by combining virtual objects with the natural environment
[70]. Compared to other AR platforms (e.g., smartphones, tablets),
AR headsets offer increased user immersion and hands-free capa-
bilities, making them a popular choice [2, 49, 72]. Children are
increasingly using AR headsets in different contexts, such as for
educational tools [28, 33, 35, 65], to help support children with
autism and ADHD [6, 24, 31, 62], to reduce stress during medical
procedures [11], and to improve gait rehabilitation [23]. Evidence
suggests that AR headsets may enhance children’s learning, engage-
ment, and motivation [28, 33, 46]. While children are benefiting
from using AR headsets, they can still experience difficulty inter-
acting with the headset and virtual content [3, 28, 57].

Prior work has started to investigate how adults expect to inter-
act with virtual objects in AR headsets [16, 53, 55, 78]. However,
there is evidence that children’s interaction behaviors and expecta-
tions are different from adults’ across multiple technologies, such
as touchscreen devices [4, 61, 87], spherical displays [66], voice as-
sistants [36, 37], and AR headsets [86], which can lead to errors and
children’s frustration when they interact with these technologies.
It is unclear how children expect to interact with virtual objects
in AR headsets. Understanding children’s expectations will allow
designers to design more intuitive AR headset applications. Ac-
cording to the Expectation-Confirmation Model for information
systems, users experience more satisfaction with a system when
they perceive it as useful and their expectations are met [8].

To better understand children’s natural expectations and prefer-
ences for virtual-object interactions in AR headsets, we conducted
an open-ended AR headset elicitation study with 20 children (ages
9-12). Gesture elicitation has been shown to be an effective method-
ology for understanding children’s interaction expectations with a
variety of technologies, including whole-body interfaces [14], touch-
screen devices [61], and spherical displays [66]. To our knowledge,
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we are the first to explore children’s expectations of virtual-object
interactions through the use of gesture elicitation with an AR head-
set. We contribute foundational empirical insights into children’s
interaction preferences, extending prior conceptual work by study-
ing children’s interactions with an AR headset. In our elicitation
study, children saw a virtual cube in the AR headset perform 17 dif-
ferent effects (e.g., moving, expanding, creating, etc.) and we asked
them to provide an interaction they believed would replicate the
effect they saw. We opted for a cube because its simple geometry
supports a clear visual interpretation of transformations such as
translation, scaling, and rotation, and it allows us to compare our
findings to prior AR headset elicitation studies with adults that
utilized a virtual cube [16, 79]. After the children proposed an in-
teraction, we asked the children open-ended questions about their
interactions to better understand their reasoning and preferences.

After the study was completed, we analyzed the children’s ex-
planations through affinity diagramming, a bottom-up inductive
approach used to analyze large-scale qualitative data [7]. Based
on our analysis, we constructed a conceptual model of children’s
expectations with virtual-object interactions. Additionally, we per-
formed qualitative coding on the children’s interactions, allowing
us to provide a quantitative analysis of children’s interaction pref-
erences to support our conceptual model. We found that a majority
of the children preferred gestures, interacting with the cube as if
it were a real object (i.e., direct manipulation), as well as utilizing
their whole body (e.g., pushing, kicking) and external objects (e.g.,
microscope, hammer, ninja stars, screwdriver, sword) to interact
with the cube. Furthermore, the children rarely used speech in their
interactions, which differs from what has been found with adults
[16]. Our conceptual model outlines how children’s internal fac-
tors and expectations, as well as the technology and environment,
influence the children’s interaction choices. We also found that
children created a narrative behind their interactions, contextual-
izing their actions and attributing a purpose based on their own
intrinsic motivations. The contributions of our work include: (1) To
our knowledge, we are the first to explore children’s expectations
of virtual-object interactions through the use of gesture elicitation
with an AR headset, (2) a conceptual model outlining children’s
perceptions and reasoning behind their AR headset virtual-object
interactions, and (3) a set of design recommendations to improve
future AR headset experiences for children. Our work contributes
foundational empirical insights into children’s AR headset inter-
action preferences, which can aid designers and researchers in
creating AR headset applications for children.

2 Related Work

We focus our related work on three categories: (1) exploring the
use of elicitation methodologies to improve technology and bet-
ter understand users, (2) examining prior work on children using
augmented reality (AR) headsets, and (3) the ethics of using AR
headsets with children.

2.1 Gesture Elicitation Studies

Gesture elicitation is a methodology in which participants are
shown an effect (i.e., referent) and are prompted to elicit a gesture
they believe will replicate the observed effect [80]. For example, in
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Wobbrock et al’s [81] gesture elicitation study with touchscreen
devices, the participants were shown an animation of a field of
objects moving from left to right (i.e., referent) and then asked
to perform a gesture they believe would replicate the animation
they saw. Elicitation studies allow researchers to determine a set
of gestures that are easier to learn, perform, and recall for users
[80, 81]. Prior work has utilized gesture elicitation to improve var-
ious technologies such as mobile devices [18, 19, 45, 47, 60, 64],
tabletop computers [81], AR windshield displays [12], whole-body
interfaces [48, 56] and AR headsets [16, 32, 53, 78]. Although the
aforementioned AR headset studies used gesture elicitation to study
people’s interaction expectations, they only focused on adults.

Researchers have started utilizing gesture elicitation to improve
children’s interactions with technology. Connell et al. [14] con-
ducted an elicitation study with a whole-body interface in which
children (ages 3 to 8) were shown a virtual cube on a TV screen
completing different tasks, such as the cube getting bigger, rotating,
etc. The researchers found that instead of using gestures to directly
manipulate the object on screen, the children often simulated the
object’s movement path with their own bodies. Rust et al. [61] uti-
lized gesture elicitation to better understand child-defined gestures
and children’s mental models for touchscreen tabletop interactions,
in which participants (both adults and children) completed a set
of tasks (move, pick many, pick one, remove, etc.). The authors
found that while children were able to successfully elicit gestures,
they used less symbolic gestures (e.g., drawing an undo arrow for
remove) compared to adults. Soni et al. [66] explored the possi-
bility of generalizing user-defined gestures used in flatscreens to
interactive spherical displays for both adults and children (ages 7
to 11). By using gesture elicitation, the authors determined that
flatscreen gestures could not be generalized to spherical displays.
The authors also found that children were more likely than adults
to use their hands interchangeably, propose gestures with dynamic
hand poses (i.e., the hand pose changes as the hand moves), and
favor continuous gestures over discrete ones (i.e., the effect of the
gesture takes place while the gesture is being performed rather
than after the gesture is completed).

These studies confirm that gesture elicitation can be an effective
method for understanding children’s unique mental models and ex-
pectations across various technologies. However, this user-centered
approach has not yet been applied to determine how children expect
to interact with AR headsets, in which they are not manipulating a
screen but rather interacting with virtual objects that are overlaid
on the real world.

2.2 Children and AR Headsets

AR headsets are being used as educational tools for children (e.g.,
games [3, 28], virtual field trips [65], museum exhibits [35]), as com-
munication and emotion recognition aids for children with autism
[6, 24, 62], as a way to help children with ADHD increase attention
rates [31], and to help children relax during medical procedures
[11]. For example, Juan et al. [28] created an AR headset-based
game for children (ages 7 to 12) to learn about endangered animals,
and Andersen et al. [3] designed the BattleBoard 3D AR board game
with children to study design issues for AR tabletop play. Lauer et
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al. [33] examined using AR headsets with elementary school chil-
dren and found that it had positive effects on their activity-related
achievement emotions. Kim et al. [31] found that an eye-contact
game on an AR headset could help children (ages 8-10) with ADHD
increase their attention span.

Prior work has started to explore children’s mental models
[26, 82] and interactions [43, 44, 86] with AR headsets. Woodward
et al. [82] conducted online participatory design (PD) sessions with
children (ages 7-12) to explore their perceptions of using AR head-
sets for different tasks (e.g., chores, homework). The findings re-
vealed that children perceive AR headsets as highly intelligent
systems capable of recognizing and transforming their surround-
ings, providing an immersive experience. However, since the study
was online, children did not interact with commercial AR headsets.
Hourcade et al. [26] conducted play-based design sessions with
preschool children (ages 3-5) in which children tried on low-fidelity
AR smart-glasses prototypes and discussed what they would want
the glasses to do. The authors found that children envisioned AR
wearables helping with pretend play (e.g., imagining animal com-
panions) and simple everyday activities (e.g., identifying objects or
showing where to go). Biilbiil and Ozding [10] studied preschool
children’s experiences with tablet-based mobile AR activities in
which animated 3D characters appeared when children scanned
AR cards. They found that while children enjoyed the animated AR
content, they still preferred real objects for tasks involving phys-
ical manipulation or sensory engagement. In terms of children’s
interactions, Munsinger and Quarles [43] examined interaction
methods (i.e., voice, gesture, controller) for a Fitts’ Law task in an
AR headset with children (ages 9-11). The researchers discovered
that controller selection was faster than both voice and gesture.
Although the authors compared existing AR headset interaction
methods with children, they did not investigate how children ex-
pect to interact with virtual objects in AR headsets. Woodward and
Ruiz [86] examined how different textual designs in an AR headset
affect adults’ and children’s (ages 9 to 12) task performance. The
authors found significant effects of the design of information on
children’s task performance, such as a significant effect of infor-
mation location on information recall accuracy. Specifically, when
the information was placed in the main direction the children were
looking at, it led to higher information recall accuracy. The authors
did not find any significant effect of the design of textual infor-
mation on adults’ task performance, illustrating that information
in AR headsets may have to be designed differently for children
depending on the context.

Although prior work has started investigating AR headsets with
children, there is still a gap in our understanding as to how chil-
dren expect to interact with virtual objects while wearing an AR
headset and why they have those expectations. For instance, while
Woodward et al. examined children’s perceptions of AR headsets,
the children did not view or interact with any AR headset [82].
Moreover, Hourcade et al. and Biilbiil and Ozding [10, 26] focused
on preschoolers’ conceptual models and preferences for AR smart
glasses and AR activities rather than gesture-level interaction with
an AR headset. It is important to investigate how children may
require different designs to meet their specific expectations, con-
ceptual models, and needs. To our knowledge, we are the first
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to explore children’s expectations of virtual-object interactions
through the use of gesture elicitation with an AR headset.

2.3 Ethics of Using AR Headsets with Children

While virtual reality (VR) and augmented reality (AR) headset mak-
ers have traditionally recommended their devices for ages 13 and
older due to a lack of research and consideration for younger users,
children are still using these technologies (as mentioned above).
Also, Meta has recognized that research is needed to provide age-
appropriate immersive headset experiences for children and has
started to incorporate parent-controlled accounts for children under
13 [40], as children are utilizing these technologies. For instance, VR
is being widely used with children, as young as 4 and 5 years old, in
medical contexts to help with pain and anxiety [13, 50, 63, 71] and
for education [51, 76]. AR headsets are also increasingly being used
by children as young as 4 years old [62], and have the potential to
increase children’s engagement, motivation, and learning [28, 33].
While VR headsets have been reported to induce negative effects
such as cybersickness, even with children [29, 69], AR headsets
have been reported to induce less symptoms since users are still
grounded in the real-world [33, 62, 77, 88]. For example, Sahin et
al. [62] did not find any negative effects of AR headsets on adults
and children (as young as 4 years old) with autism. AR headsets —
specifically, optical see-through headsets — are also more beneficial
for safety for children, when compared to VR headsets, as children
are still completely aware of their real-world surroundings. Prior
work has identified ethical concerns for VR headsets, such as sensor
vulnerability, social isolation, and desensitization as VR takes users
outside of the real-world [21]. However, these ethical concerns are
minimized in AR headsets, as users are still grounded and present
in the real-world. Prior work found that AR headsets comforted
children during a medical procedure, more so than a VR headset, as
the children could still see their parents [11]. Southgate et al. [67]
explored the ethics for designing AR experiences for children. The
authors remarked that there has been little research on the physical,
cognitive, and emotional effects of highly immersive experiences
on children. Southgate et al. [67] emphasized considering the de-
velopmental stage of the children when designing and including
researchers with expertise with children. For our study, we follow
Southgate et al’s ethical guidelines [67], such as obtaining IRB ap-
proval, parental informed consent, child assent, enforcing breaks
from the headset, and allowing children to take breaks and stop
whenever they would like. We further discuss our study procedure
and child assent in the Methodology section below. Future research
should focus on the effects of highly immersive experiences on
children and how to create child-centered AR headset experiences.

3 Methodology

We conducted a within-subjects open-ended AR headset elicitation
study with children to explore how they expect to interact with vir-
tual objects in AR. In our study, 20 children observed a virtual cube
perform 17 different effects (i.e., referents), such as the cube moving
left, in an AR headset (Fig. 1). We chose a cube because its simple
geometry supports a clear visual interpretation of transformations
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(e.g., rotation) without biasing participants toward specific interac-
tions, and it allows us to compare our findings to prior AR headset
elicitation studies with adults that used a virtual cube [16, 79].

To select the referents, we analyzed 42 existing gesture elicitation
studies (e.g., [5, 14, 16, 18, 45, 53, 66, 78, 79, 81, 89]). We extracted 145
tasks and plotted them into a frequency matrix to identify the most
common referents used in prior gesture elicitation studies. Finally,
we selected the 17 most common referents that could be applied to a
virtual cube in an AR headset (Table 1). We grouped these referents
into three categories: (1) Translation, for movements of the cube;
(2) Manipulation, for changes to the cube’s properties (e.g., scale or
rotation); and (3) Abstract, for higher-level or symbolic actions. This
three-part categorization was informed by prior work on interaction
taxonomies in 3D and AR contexts [16, 78]. We counterbalanced
the order of the three referent groups between children to reduce
ordering effects, while keeping the order of referents within each
group fixed. For each referent, children first proposed an interaction
to replicate what they saw (Fig. 1). Similar to prior work [66], we
prompted children to provide a second interaction choice for the
same referent, allowing them to skip one or both choices if they
could not think of an interaction for that referent.

We conducted all studies in a spacious research lab, with at least
two researchers present at all times. Each study was audio and video
recorded. Our research protocol was approved by our Institutional
Review Board, and we collected both parental consent and child
assent before participation. Both the parents and children were
informed of the risks of AR headsets. For instance, during the child
assent process, we explicitly informed each child that "You may
become tired or start to not feel well, such as getting a headache
or nauseous. If that is the case let us know if you want a break
or if you want to stop at any time." Each study lasted around 60
minutes, including the time taken during the consent process, break
times, and debrief. Each study was split into three shorter sessions
(i.e., one session for each referent category), with enforced breaks
between each section in which we had the children remove the
AR headset. Each child wore the AR headset for an average of 11
minutes (m) and 57 seconds (s) (SD=2m:32s) before taking it off for
a break. The children were compensated with $40 and a small prize
(e.g., bouncy balls, stickers).

Table 1: List of the 17 referents used in our study.

Referents

Move (Up/Down)
Move (Left/Right)
Move (Towards/Away)

Group

Translation

Manipulation Make (Bigger/Smaller)
Rotate (X/Y/Z) axis
Zoom (In/Out)

Abstract Create
Destroy

Select (One/Multiple)

Delgado et al.

(A) (B) ©

Figure 1: Examples of the children’s interactions: (A) punch-
ing the cube and destroying it; (B) jabbing the cube to select
it; (C) grabbing and rotating the cube.

3.1 Participants

We recruited 20 children (16 male, 4 female) between the ages of
9 and 12 (M = 10.55, SD = 1.16), which is consistent with prior
work [14, 43, 61, 66]. The children’s grade levels spanned from
3rd grade to 7th grade. We used an email listserv, posted flyers on
community social media sites, shared study information through a
local coding program, and relied on word of mouth to reach families.
Parents reached out to the researchers by email to schedule their
child’s study. Of the 20 children, 17 self-reported as right-handed.
In addition, 17 of the children self-reported prior experience using
a virtual reality (VR) headset, mostly for playing games such as
Beat Saber and Gorilla Tag. Two children had previously used an
AR headset: one during a prior research study and another while
playing a game.

3.2 Study Design

The study used a within-subjects design, meaning each child com-
pleted all referents. We first verbally asked the children demo-
graphic questions, such as their age, grade level, and prior experi-
ence with VR and AR headsets. After the questions, the children
then put on the AR headset and completed a short practice in which
they saw the virtual cube in the headset and could walk around the
room. We did the practice so the children could become comfortable
with the AR headset and to reduce the novelty effect. During prac-
tice time, we verified with each child that the headset fitted them
comfortably, making sure the head strap was properly adjusted
and no cables were in the way. Additionally, we set the headset’s
viewing mode to "transparency”, which is optimized for real-world
use and increased viewing comfort. We also informed children that
they were able to request as many breaks as they wanted during
the study and could stop participation at any time.

The virtual cube appeared in front of the child’s eyeline, aligned
with their height (Fig. 1). We asked the children to stand on an "X"
marked on the floor while the referent animation was being played
to make sure the children always viewed the referent from the
same angle and position. We explicitly mentioned to the children
that they were free to move around after the animation played to
perform their interaction. To support unconstrained responses, we
informed the children at the beginning of the study that they could
interact with the cube in any way they desired to replicate what
they saw. We did not mention any specific capabilities of the AR
headset as we did not want children’s interaction proposals to be
biased by the current technological limitations of the headset. For
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each referent, we prompted the children by saying: "Pretend you
are making the cube [Referent, e.g., move right]." The headset then
showed the animation of the cube performing that referent. After
the animation, we asked: "How would you make the cube [Refer-
ent] like you saw?" The children then showed us how they would
complete the interaction (e.g., physically acting out the interaction,
giving a verbal command). We then followed up with: "Why did you
want to [Referent] the cube like that?" We used open-ended questions
in order to capture the children’s natural interactions and reasoning.
After the children proposed their interaction and explained their
thought process, we asked them to rate their interaction proposal
from 1 to 5 based on Goodness of fit ("The interaction I picked is a
good match for its intended use") and Ease of use ("The interaction I
picked is easy to do"), in alignment with prior research [16, 66, 81].
For ratings, we used a 5-point Likert scale with smiley faces, as
in prior work with children [59]. However, Hall et al. [25] found
that even with smiley face ratings, children are less likely to choose
negative or neutral options; therefore, we opted for the happiness
rating scale [25], which achieves more insight and variance with
children. In the happiness rating scale, a rating of 1 shows a smiley
face and a rating of 5 shows a very happy smiley face. Next, we
asked for a second interaction choice for that referent: "How would
you make the cube [Referent] in another way?" We then repeated
the process: the interaction, explanation, and ratings. After the
completion of each referent group (i.e., Translation, Manipulation,
Abstract), we enforced a break in which the children removed the
AR headset.

3.3 Equipment and Software

We used the Magic Leap 2 AR headset [38], as it is lightweight and
designed for extended use. The Magic Leap 2 is lighter (i.e., 260
grams) [34] than other commercial AR headsets (e.g., HoloLens 2 is
566 grams) [41], which is more beneficial for children. We chose
an optical see-through AR headset, as it does not block the chil-
dren’s periphery (important for safety) and feels similar to looking
through glasses. The Magic Leap 2 has a field of view of 45H x
55V (70D) and a resolution of 1440 x 1760 pixels per eye. We built
our AR app in Unity (version 2022.3.22f1) using the Magic Leap
2 SDK [38]. The app spawned a virtual cube with 10-centimeter
sides, positioned 60 centimeters in front of the headset. All anima-
tions kept the cube within the device’s field of view to avoid visual
clipping. The app also included a simple scoreboard for gamifica-
tion; incorporating gamification elements in empirical studies has
been shown to increase study completion rates for children [9].
The Magic Leap headset also recorded the children’s point-of-view
video during each interaction. Details about the application and the
referent animations are included in the Supplementary Materials.

3.4 Data Analysis

For analysis, we first qualitatively examined the children’s mental
models for how they expect to interact with a virtual object in
AR headsets, and then quantitatively analyzed the children’s pro-
posed interactions. Our data included video and audio recordings
of each child, along with point-of-view footage captured from the
AR headset.
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3.4.1 Qualitative Analysis. We analyzed children’s verbal explana-
tions to understand their mental models of interacting with virtual
objects in AR headsets. The first two authors transcribed children’s
verbal explanations by reviewing the video and audio recordings.
Similar to prior work [16, 82, 84], we analyzed the explanations
through affinity diagramming, which is a method to organize large-
scale qualitative data through a bottom-up inductive approach [7].
We did not compute inter-rater reliability as it is not appropriate or
necessary when the research goal is to generate themes inductively
rather than to test agreement [39]. To create the affinity diagram,
the first two authors and the last author iteratively grouped the
individual utterances into themes over the course of nine meetings
(approximately 22 hours) using Lucidchart, a collaborative online
whiteboard [1]. In total, we analyzed 655 explanations (20 children
x 17 referents x 2 interactions per referent); 25 explanations were
omitted due to missing or incomplete data. These omissions also
included instances in which the child was unable to think of an
interaction or explanation. With our affinity diagram analysis, we
uncovered recurring themes and patterns in how children concep-
tualize interaction with virtual objects in AR headsets. We grouped
the data into 9 overarching themes, which we linked to create our
conceptual model (Fig. 2); described in the Results section.

3.4.2 Quantitative Analysis. We analyzed the children’s video-
recorded proposed interactions using qualitative coding, a method
for capturing interaction properties and organizing them into codes
[74, 83]. The creation of our initial codebook and selection of inter-
action modalities was based by prior work on user-driven elicitation
[58], multimodal interaction [78], and gesture elicitation in AR and
VR contexts [16, 17, 30, 53]. Additionally, we iteratively updated
our codebook based on repeating patterns and important behav-
iors we identified during our study sessions. For each interaction,
we identified the interaction modality (e.g., gesture, speech) and a
corresponding action (e.g., push, pull, single word voice command)
from that modality. We coded children’s interactions across six
modalities: (1) Gesture interactions were defined as any movement
of the arms and/or hands with the intention to complete the ref-
erent. We coded the type of action (e.g., push, grab, tap) and any
use of external objects (e.g., baseball bat, microscope); (2) Speech
interactions were defined as words/commands that come from the
child to complete the referent. We coded the verbatim utterance and
the speech command type (single word, multi word, complete sen-
tence); (3) Body interactions, in which the child’s body physically
moved to another position (e.g., running) or used their whole-body
for the interaction (e.g., kicking, elbowing). We coded the specific
physical movement; (4) Eye interactions were coded when the child
specifically mentioned that they will use eye movement to complete
the referent. We coded the specific behavior (e.g., blink, gaze, eye
movement direction); (5) Head interactions were coded when the
child specifically mentioned that they use their head to complete
the referent. We coded the head’s movement direction; and (6) Other
for when the interaction did not fit any aforementioned modality.
Our coding process also supported multimodal interactions, such
as combining gestures with speech.

In total, we reviewed 663 interactions (20 children x 17 referents
x 2 interactions per referent), omitting 17 due to missing or incom-
plete data. These omissions also included instances in which the
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Figure 2: This figure shows our conceptual model on how children think about interacting with a virtual object in AR headsets.
The model groups nine themes into four main categories (Internal Factors, Expectations, Technology & Environment, and

Interactions).

child was unable to come up with an interaction. To ensure con-
sistency in coding, the first two authors independently coded data
from six children and calculated inter-rater reliability (IRR) scores
across all coding categories; Cohen’s kappa averaged 0.8764 (min:
0.670, max: 0.970, SD: 0.0832), corresponding to "almost perfect”
agreement [75]. Following the IRR calculation, the first two authors
resolved disagreements through a line-by-line consensus review.
The remaining 14 children were then evenly divided between the
two authors for independent coding.

To measure consensus among children’s interaction proposals,
we calculated the Agreement Rate (AR), following prior methods
[73, 81]. AR quantifies how often different participants proposed
the same interaction for a given referent in an elicitation study
(higher AR points towards increased consensus). AR is calculated
as the ratio of the number of participant pairs who proposed equiv-
alent interactions to the total number of possible participant pairs
for that referent. Equation 1 shows the formal definition, where
P is the set of all proposals for referent r, and P; are subsets of
equivalent proposals within P:

_ Xpicp $I1Pi|(1P;] - 1)
3IPI(IPI - 1)

We used the AGATe 2.0 toolkit (Agreement Analysis Toolkit)
to compute AR scores, referencing the source code provided by
the authors [73]. We estimated 95% bootstrapped confidence in-
tervals via percentile bootstrap (5000 resamples) for robustness,
following Vatavu & Wobbrock’s recommendations [74]. We defined
equivalence at the level of coded proposals: two proposals agreed if
they matched on interaction modality (e.g., gesture, speech, body,
gesture+speech) and on the action code for that modality (e.g., push,
pull, grab, tap).

1)

r

4 Results

Our results are divided into two main sections: (1) the children’s
conceptual model, outlining the qualitative findings from our affin-
ity diagram analysis, and (2) the interaction analysis, which presents

the quantitative data and provides an overview of the children’s
proposed interactions.

4.1 Conceptual Model

We organized our affinity diagram into 9 themes, which we grouped
into 4 main categories to capture the children’s conceptual model of
interacting with virtual objects in AR headsets: (1) Internal Factors,
(2) Expectations, (3) Technology & Environment, and (4) Interac-
tions (Fig. 2). The children’s Internal Factors lie at the core of their
mental models, outlining their motivations, previous experience,
and creating a story as to how they want to interact with the virtual
object. These internal factors extrapolate into Expectations that the
children have about their own interactions and the system itself.
Furthermore, the children’s inner thought process and expecta-
tions are then affected by their understanding of the Technology
& Environment, such as possible technological limitations. Lastly,
the children’s Internal Factors, Expectations, and the Technology &
Environment define their chosen Interactions, which consist of a
variety of types (e.g., gesture, speech, whole-body) and qualities
(e.g., easy, fun, etc.). Please refer to the Data Analysis Section 3.4
for more details on our method for creating our conceptual model.

4.1.1 Internal Factors. While interacting with the virtual cube, the
children verbalized their motivations, providing additional context
and reasoning as part of their Inner Monologue. The children also
drew upon Prior Experience as inspiration in their interactions.
Inner Monologue. We found that the children had Intrinsic
Motivations, provided additional Context/Reasoning behind their
interactions, displayed feelings of Ownership over the cube, and
also were Thinking About Other People/Accessibility while coming
up with an interaction. At the core of the children’s inner thought
processes lies their Intrinsic Motivations, which were shaped by self-
set goals (e.g., having fun, wanting a challenge, collaboration). P8
(10-year-old-female) had a self-set goal to protect the cube, which
they expressed throughout their interactions, such as for the Move
Away referent: "I'll push it away and I'll put it there, and then if I
fall forward, I can grab the whole cube and fall, and protect the cube."
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For Move Towards, P5 (10-year-old-male) wanted to use a grappler
tool that could pull the cube towards them because "me and my
brother like to play Fortnite." The children’s desire to set their own
goals aligns with Self-Determination Theory, which suggests that
intrinsic motivations drive human behavior [15].

Building on their intrinsic motivations, the children provided
Context/Reasoning behind their choices, effectively creating a nar-
rative to make sense of their actions. For instance, P14 (10-year-old-
male) framed the cube as an enemy for the Make Smaller referent:
"Maybe it’s like an enemy, like it’s pretty threatening, you can shrink
them..." For the Destroy referent, P16 (11-year-old-male) provided
additional context behind why they were deleting the cube: "If I
was building something and I didn’t want it to be there, then I would
say delete so it could go away." The children’s tendency to build a
narrative around their interactions aligns with Fisher’s Narrative
Paradigm Theory [20], which proposes that humans construct sto-
ries to make sense of abstract experiences. This narrative approach
may help children bridge the unfamiliar AR headset environment
with familiar contexts.

Furthermore, some of the children expressed a perceived sense of
Ownership over the virtual cube. P10 (12-year-old-female) chose to
physically grab and pull the cube closer to them for Move Toward,
expressing that: "When you want something you have to hold it."
This emerging sense of ownership could be related to the children’s
tendency to physically manipulate the cube, as it has been studied
with adults that the simple act of touching an object increases the
sense of ownership over it [52]. Additionally, the children also
were Thinking About Other People/Accessibility while creating their
interactions. For Move Down, P1 decided to use speech instead of
their hands: "Because people who might wanna play and their arms
are tired they could just talk."

Prior Experience. We found that the children relied on their
prior experience with the Real World, Popular Media, Games and
Prior Technology as inspiration to construct their interactions. The
children often used their Real World experience to connect everyday
actions with their newly proposed interactions in the AR headset.
For instance, when we asked P16 (11-year-old-male) why they
grabbed and pulled the cube for Move Left, they expressed: "It
reminded me of type of sliding door where you grab it and then
and you pull this way to open." P11 (9-year-old-male) chose to cut
the cube in half with their hand for Make Smaller "Because I cut
Play-Doh like that to make it smaller.” Furthermore, the children’s
experience with Games and Popular Media, such as movies and viral
videos, influenced their interaction proposals. For Move Towards,
P6 (9-year-old-male) thought of a fun way to pull the cube: "If you
are a Star Wars fan, use the force", while P18 (12-year-old-male)
thought of slicing the cube for Destroy: "In video games, a lot of the
games use swords and I feel like it’s really easy to use a sword to swipe
it off.” The children’s interactions were also influenced by their
Prior Technology experience with other devices, such as computers
and tablets. For Zoom In, P10 (12-year-old-female) performed a
two-finger expanding gesture, explaining: "That’s how I'm used to
doing it on like an iPad or something."

4.1.2  Expectations. Building on their internal thought process, the
children developed a number of Interaction Expectations and System
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Expectations which factored into what kind of interaction they
wanted to propose.

Interaction Expectations. We identified that the children ex-
pected a Sense of Control, Inverse/Mirrored interactions, Direct Ma-
nipulation, the use of External Material/Objects, and Blending the
Virtual with Real World. The children expected a general Sense of
Control over the cube, such as P9 (11-year-old-male) using two
hands for Move Left because: "It would be controlled and there
wouldn’t be a chance of it falling out of my hands." Some of the
children also expected the functionality of Inverse/Mirrored interac-
tions, such as squishing the cube with their hands for Make Smaller
and stretching it for Make Bigger. The use of Direct Manipulation
was consistently present across the children’s interactions, with
an expectation that physically manipulating the cube will result in
their desired outcome.

Additionally, the children utilized External Material/Objects to
aid with their interactions (Fig. 3). The function of the external
objects varied depending on the child’s goal for the interaction,
such as being utilized as a tool: "I would use a magnifying glass.
Because magnifying glass is used to zoom in stuff (P11) (9-year-
old-male), or being used to gamify the interaction: "I could use a
baseball bat and hit it left...So I could play with it like a baseball”
(P1) (10-year-old-male). Some other notable examples include P8
(10-year-old-female) gluing the sides of cube together for Create, P1
and P7 (11-year-old-male) placing the cube inside a hydraulic press
for the Make Smaller and Destroy referents respectively, and P2 (11-
year-old-male) putting the cube in "a little train cart" and pushing it
for Move Right. This expectation to use external objects sometimes
led into the children Blending the Virtual with Real World, expecting
both realities to intertwine seamlessly. For instance, P7 decided to
use clay and the physical table in front of them for Create: "I can
take clay and I can kinda like form into rough cube and I can just
smash against the side of the table or something and make it so that
all the sides are smooth." P11 (9-year-old-male) wanted to push the
cube with a real-world stick for Move Right: "Because I think you
can grab it [the stick] from outside and then you come back in and
you push it."

System Expectations. The children expected Simple Physics
and Gravity to work seamlessly in the AR environment. Sometimes
these expectations were implied, such as placing a heavy object
on top of the cube to move it down or using a hammer to hit the
cube with increased force, and sometimes these expectations were

(B) ©

Figure 3: Examples of the children’s interactions in which
they are: (A) pretending to use a sword to destroy the cube;
(B) gluing the sides of the cube together to create it; (C) pre-
tending to hit the cube with a baseball bat to move it left.
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explicit: "If I slap it [the cube] the gravity would pull it down to
the floor"” (P9, 11-year-old-male). For Make Smaller, P7 (11-year-
old-male) chose an interaction for the cube they believed would
make it as small as possible: "I would have the cube on the ground,
then I would have an anvil or something on a rope, suspended above,
and then I would cut the rope.” In addition, some of the children
expected a certain level of System Awareness over their actions,
assuming that the system could correctly extrapolate the meaning
behind their proposed interactions. For Move Right, P4 (12-year-
old-female) said "I feel like if it followed the motion of my finger then
it will be like magic, it could move the cube following my finger." For
the Select Multiple referent, P10 (12-year-old-female) grabbed each
cube, assuming that "the system will know that you want that."

4.1.3  Technology & Environment. Beyond their internal thought
process and expectations, the children had their own Virtual-Object
Perceptions, which influenced their proposed interactions. The chil-
dren also took full advantage of the 3D Space/Environment, such as
proposing interactions that are only possible in 3D space. Further-
more, some of the children voiced specific Concerns and Limitations,
which ranged from the interaction itself, such as discussing feasi-
bility, to perceived limitations of the AR headset technology.

Virtual-Object Perceptions. Children considered the cube’s
Size/Weight, Color, as well as other User Inferred Cube Properties
(e.g., the cube’s material composition) to determine an appropriate
interaction. For the Destroy referent, P1 (10-year-old-male) thought
of putting the cube in a fire, explaining that the cube could be made
out of wood and putting it in a fire "could turn it into ash, changing
the state of it." P9 (11-year-old-male) wanted to use concrete for
Create: "Using materials or something. It [cube] looks like concrete so
I would use concrete or something like that to make it", explaining
that the cube looks like concrete because "it’s like blue-ish white so
that’s why I think it looks like concrete, and also it has sharp edges so
I think it looks like concrete.” The children also treated the cube as
a Tangible/Physical object, such as P6 (9-year-old-male) worrying
that a foam sword would not rotate the cube, "The cube may even
break the sword." Furthermore, some of the children went as far
as considering the cube to be Delicate, believing that a sufficient
amount of force would break it: "So if it’s [the cube] like very weak,
using your hands you could smash it." (P3, 9-year-old-male). The
children’s perceptions of the cube align with the Affordance Theory
[22], in which users attribute affordances to objects based on their
design. The cube’s appearance may have prompted the children to
expect their interactions to work similarly to the real world.

We also observed some instances of Cube Personification, in
which two separate children attributed human traits to the cube.
As an example, for Move Towards, P2 (11-year-old-male) decided to
"Maybe tell it [cube] we still have some pizza for lunch" as a way to
make the cube come closer to them. When asked what made them
think that offering pizza would move the cube, they explained that
"Maybe it likes pizza?" This belief that the cube has thoughts and
intentions is known in child cognitive development as animism, a
concept in which children attribute life-like qualities to inanimate
objects [54]. Prior work examining children’s expectations for in-
telligent touchscreen user interfaces [85] also found that children
personified the system while designing by giving it human-like
qualities (e.g., visual facial features).
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3D Space/Environment. The children consistently employed
Physical Movement, such as walking closer or farther away from the
cube for the Zoom In/Out referents: "Walking closer and walking
away make things bigger and smaller." (P20, 12-year-old-male). Some
of the children considered the Spatial properties of the AR environ-
ment for their interactions. For Select One, P1 (10-year-old-male)
explained that "you can pick it up in the 3D space instead of having
only click it in a 2D space." The children also considered possible
Physical Environment Constraints that would impede them from
successfully completing their interactions, such as trying to throw
the cube but not having enough physical space around them to
complete the throwing motion.

Concerns and Limitations. The children expressed specific
User Concerns about their interactions, including concerns about
the cube, user ability, getting hurt, and usability. For Move Away, P8
(10-year-old-female) was concerned with falling and dropping the
cube because "if it’s glass, I don’t want to shatter it, and get scratched
and start bleeding..." For Zoom In, P7 decided to walk up to the cube,
which raised a concern in his mind: "..if you are on the wrong kind
of ground you may trip." There were also instances in which the
children described their interaction as an Only Way/Limited Option
to complete the referent, expressing that they could not think of
another way of interacting with the cube: "Because if you do it any
other way it doesn’t really look right to me" (P12, 10-year-old-female).
The children also were concerned with a Lack of Headset Abilities,
which led them to choose interactions they believed would be easier
for the system to recognize. For instance, P3 (9-year-old-male) had
a strong belief that the headset would not be able to recognize any
speech commands, resorting to primarily using gestures: "because
talking, like saying something, wouldn’t do anything." When we
asked P3 why they believed speech would not work, they replied:
"well it’s [speech] not physically doing anything, and using your
body it is physically doing something." P3 believed speech could not
physically move the cube, similar to real life.

4.1.4 Interactions. The children’s internal factors and expectations,
combined with their understanding of the technology & environ-
ment, culminated in their proposed interactions. Their imaginative
approach resulted in a diverse set of Interaction Types and revealed
the Interaction Qualities they considered most important.
Interaction Types. Although gesture-based interactions were
prominent (present in 76.5% of the proposals, further described in
the Interaction Analysis section below), the children’s interaction
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Figure 4: Examples of children’s interactions, in which they
are: kicking the cube and moving it up (A) from their point
of view and (B) an external camera perspective; (C) drawing
the cube’s 3D outline in mid-air to create it.
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proposals did reflect a range of interaction types, including Whole-
Body Interaction, Speech, Unconventional Interactions, and the use of
Buttons/UI Elements. The children often engaged their whole body
to interact with the cube (Fig. 4). For instance, P11 (9-year-old-male)
described: "I would step on it and it would go down... Sometimes I
push balloons on the floor with my foot and they go down." P7 (11-
year-old-male) ran away from the cube to make it appear smaller:
"I would turn around and run wherever I need to and then look back
at it. Because it’s easy to do unless you are in a tight space and it’s
good exercise for your leg." The children also suggested moving
their heads to direct the cube’s movement, expecting the cube
to follow their head movement: "If I move my head I feel like it’s
always going to move where my head is [moving]..." (P13, 9-year-old-
male). Interestingly, some of the children thought of using eye-based
interactions, such as P15 (9-year-old-male) deciding to "Look at it
[the cube] for a long time" as a way to select the cube.

Some children also proposed speech commands as a way to
manipulate the cube. For instance, P17 (12-year-old-male) used
speech for Make Bigger, explaining that "It will be easier to do, you
could pick any size you want", while P19 (12-year-old-male) wanted
to rotate the cube with their voice because "It’s cool to tell the cube
to do that’" P6 (9-year-old-male) drew inspiration from the game
Hogwarts Legacy, invoking magical spells as speech commands:
"In Hogwarts Legacy, there’s a spell that makes you go up and makes
you go down... 'Descendo’”

The children also proposed Unconventional Interactions that went
beyond expected body, speech, or gesture-based interactions. For
example, P14 (10-year-old-male) snapped their fingers to make the
cube teleport: "Maybe snap in the direction and it goes in the direction
that you snap your fingers... I thought of like teleportation, snap and
teleport.” The children also drew inspiration from familiar actions,
such as blowing on the cube to push it downward: "Maybe the air
would push it?" (P2, 11-year-old-male), or inflating the cube with
an air pump as if it were hollow: "I would take the needle from the
air pump, stick it right into the cube, and then pump air into it" (P7,
11-year-old-male). P3 (9-year-old-male) thought of shattering the
cube with a loud scream: "If it’s made of glass, you could be very
loud and once you’re loud enough, usually glass could break." Prior
AR gesture elicitation studies with adults also found that some
participants who did not have AR experience considered using air
as a way to manipulate AR objects [16].

Some of the children expected to interact with Buttons/UI Ele-
ments as a way to control the cube, often drawing inspiration from
digital games or familiar interfaces. For example, P12 (10-year-old
female) relied on conventional game symbolism, proposing plus
and minus buttons to change size: "If it was a game then a plus sign
would make it bigger and a minus sign would make it smaller" P11
(9-year-old male) suggested physical controls, such as goggles with
a built-in zoom button: T would wear the goggles and press a button
on it to zoom in."

Interaction Qualities. The children chose interactions that
were Easy, Simple, Quick/Efficient, and Comfortable to perform (i.e.,
the interaction did not force their hands into an awkward position).
Additionally, the children wanted their interactions to be Cool/Fun,
Funny, Unique, and Satisfying: "I could smash it to destroy...It’s sat-
isfying" (P19, 12-year-old-male). The children also relied on their
First Thought, preferring interactions that felt Natural to them: "It
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Jjust feels right to do it like that, it looks pushable” (P10, 12-year-
old-female). The children highlighted these qualities as main as-
pects they want in their AR headset interactions, which is reflected
in their high rating scores for the Goodness of fit (N = 4.31/5,
SD = 0.83) and Ease of use (N = 4.47/5, SD = 0.82) statements.

Although, we saw that some of the older children (11 to 12-
year-olds) recommended Less Physical Movement for some of their
proposed interactions, they also considered Physical Movement in
their interactions. As we discussed in 3D Space/Environment, the
children from all ages (9-12-years-old) proposed using Physical
Movement in their interactions.

4.2 Interaction Analysis

In this section, we present the quantitative results from our dataset
of 663 proposed interactions. Our goal is to provide a brief overview
of these results to give context for our conceptual model. Please
refer to Section 3.4 for more details on our coding process.

4.2.1 Overview. From our analysis, we found that a majority of the
children’s interactions were gestures (76.5%, 507/663 interactions),
such as Direct Manipulation (e.g., grabbing, pushing, etc.), utilizing
External Material/Objects (e.g., hitting the cube with a baseball
bat), or indirect commands (e.g., pointing where the cube should
move). The children also proposed combining gestures with body
movement (8.0%, 53/663 interactions), such as walking and pushing
the cube at the same time to move it farther away. Other modalities,
such as body-only interaction (e.g., physically approaching the
cube for zooming in) (5.9%, 39/663) and speech commands (5.6%,
37/663), appeared only sporadically by comparison. Notably, speech
accounted for only 1.2% of first choice interactions, suggesting that
the children did not see speech as a natural way to interact with the
cube. The aforementioned interaction modality distribution aligns
with the children’s strong expectation for Direct Manipulation and
Physical Movement, as observed in the qualitative findings. An
analysis of the children’s first and second choices revealed that
37.3% of second-choice interactions involved a shift to a different
interaction modality. For example, some children started with a
hand gesture and then used speech or a body-only action for their
second choice. However, during most of the interaction proposals,
the children did not switch interaction modalities and stayed in the
same modality (i.e., gestures).

Although gesture was the preferred modality, the children’s
proposed interactions were highly diverse, which resulted in low
consensus. On average, the first-choice agreement rate was only
AR = 0.182 (a medium level of agreement [73]), and second-
choice agreement dropped to AR = 0.065 (Table 2). Even for
seemingly straightforward referents like Move Away (first-choice
AR = 0.289), the children came up with multiple distinct ways
to do it (e.g., pushing the cube, throwing the cube with force, or
making a shooing motion). In addition, abstract referents like Cre-
ate prompted very low agreement (AR = 0.063 for first choice),
which is unsurprising given the open-ended nature of these abstract
referents. We found that first-choice interactions displayed a higher
agreement across most referents, compared to second-choice, with
Create being the only exception (AR = 0.063 for first-choice com-
pared to AR = 0.096 for second-choice). We believe two factors
contributed to this agreement score discrepancy: the agreement
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rate depends on the number of valid proposals (Create had fewer
second-choice proposals, 17 vs. 20), and several children seemed
to reflect more about their second choice, which led to a slightly
higher agreement rate. The children rated Create lower on Ease
of use (N = 3.97/5) than the overall average (N = 4.47/5), indicat-
ing that the children felt Create interactions were more difficult
to perform. Create’s low rating for Ease of use aligns with its low
agreement rate and open-ended nature: the children proposed dif-
ferent interactions and only occasionally converged on the same
approach (i.e., no majority consensus). In contrast, the Goodness of
Fit rating for Create (N = 4.32) was similar to the overall average
(N = 4.31), suggesting the children felt their ideas were appropriate
even if harder to perform. Overall, low consensus among the chil-
dren (Table 2) underscores the creativity and individuality in the
children’s mental models. While the children preferred gestures,
how they used them (and what narrative context they imagined)
often differed.

4.2.2 Referent Groups. For translation referents (e.g., Move
Up/Down), the children primarily chose gestures (72.3%, 172/238
interactions), followed by gesture combined with body movements
(11.8%, 28/238 interactions), over speech commands (4.6%, 11/238
interactions). Only 2 of 120 first-choice interactions used speech
(1.7%). While Move Towards yielded the highest agreement out
of all referents (first-choice AR = 0.416), the wide margin in the
confidence interval (0.226-0.721) points towards the high variability
in children’s interactions. For 60.0% of the first-choice Move To-
ward interactions (12/20), the children used a grabbing and pulling

Table 2: Agreement Rates (AR) for first and second choices,
with 95% bootstrapped confidence intervals (CIs). Cells are
colored by agreement level (higher is better): red for low (<
.100), yellow for medium (.100—.300), green for high (.300—.500),
and light-blue for very high (> .500) [73]; we did not see any
very high agreement rates.

Referent 1st Choice AR (95% CI) 2nd Choice AR (95% CI)
Move Up 0.163 (0.095 — 0.374) 0.076 (0.064 — 0.234)
Move Down 0.132 (0.084 — 0.326) 0.064 (0.064 — 0.205)
Move Left 0.126 (0.084 — 0.316) 0.068 (0.058 — 0.216)
Move Right 0.121 (0.079 - 0.326) 0.032 (0.042 - 0.147)

Move Towards

0.416 (0.226 — 0.721)

0.063 (0.053 - 0.216)

(

(

(

(

(
Move Away 0.289 (0.147 - 0.563) 0.084 (0.068 - 0.232)
Destroy 0.163 (0.105 - 0.353) 0.026 (0.042 - 0.126)
Make Bigger 0.232 (0.184 - 0.416) 0.039 (0.046 — 0.170)
Make Smaller 0.189 (0.126 — 0.400) 0.070 (0.058 — 0.240)
Rotate (X) 0.111 (0.079 - 0.268) 0.026 (0.042 — 0.137)
Rotate (Y) 0.100 (0.074 — 0.274) 0.047 (0.053 - 0.163)
Rotate (Z) 0.132 (0.089 - 0.311) 0.039 (0.046 — 0.176)
Zoom In 0.163 (0.111 - 0.342) 0.124 (0.085 - 0.320)
Zoom Out 0.284 (0.189 - 0.516) 0.047 (0.047 — 0.179)
Create 0.063 (0.058 — 0.205) 0.096 (0.088 - 0.257)
Select One 0.268 (0.168 - 0.511) 0.099 (0.082 — 0.257)
Select Multiple 0.146 (0.094 - 0.351) 0.110 (0.088 — 0.279)
Overall Avg. 0.182 0.065
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motion to move the cube closer. For the remaining translation ref-
erents, proposals were diverse (e.g., punching, pushing, smacking)
and agreement remained low (Table 2).

Among manipulation referents (e.g., Make Bigger, Rotate, Zoom),
77.3% of the interactions (211/273) were gestures. The children
occasionally incorporated body movements; 8.1% (22/273) of these
interactions were body-only, and another 7.0% (19/273) combined
gestures with body movement. Notably, none of the children used
speech interaction as their first choice, but later some of the children
(8.3%, 11/133 second choices) opted for speech for their second
choice as a backup strategy.

The abstract referents (e.g., Create, Destroy) saw the highest use
of gestures, used during 81.6% of abstract interactions (124/152),
with speech next at 9.9% (15/152). Despite a strong preference for
gestures, the children’s gesture proposals remained imaginative
and diverse, leading to a low overall agreement rate (first-choice
average AR = 0.16). For Create, the children’s ideas ranged widely,
but a few patterns stood out: shaping the cube with their hands
(tracing or contouring its edges), drawing a cube in mid-air with
finger(s) (Fig. 4C), or assembling it from materials (e.g., lava, clay,
concrete). For Destroy, the children leaned towards forceful inter-
actions such as punching, clapping, or throwing the cube away; no
interaction dominated and the agreement was low. The children pro-
posed various interactions for Select One/Multiple, such as tapping,
hovering, and even grabbing the cube(s), and agreement remained
modest (first-choice AR = 0.268 for Select One; AR = 0.146 for
Select Multiple). Notably, the percentage of speech interactions
for Select One/Multiple was higher (12.0%, 9/75) than the overall
average across all referents (5.6%, 37/663); although 8/9 of the Select
One/Multiple speech interactions were a second choice.

4.2.3 Use of External Objects. In examining the children’s pro-
posed gesture interactions, the children often incorporated external
objects as tools or props. A total of 75% of the children (15/20) used
some real or imagined external object beyond their own body, in at
least one interaction proposal. These external objects ranged from
everyday items, like ropes and hammers, to playful or fantastical
props, such as balloons or magic wands. Breaking down by referent
groups, external-object use was lowest for Translation (8.8%, 21/238
translation interactions), higher for Manipulation (17.9%, 49/273
manipulation interactions), and highest for Abstract (20.4%, 31/152
abstract interactions). Compared to abstract or manipulation refer-
ents, translation referents were often carried out with simple hand
motions and gestures, leading to lower overall usage of external
objects. Across all referents, Create and Destroy had the most use
of external objects; 29.7% of the Create proposals (11/37) and 27.5%
of the Destroy proposals (11/40) used external objects. The children
drew on familiar Real World experiences, such as crafting, building,
and cutting, while blending practical utility with imagination in
their interaction proposals. Create invited materials and tools for
making, and Destroy prompted tools and actions tied to breaking
or discarding. For Create, P6 (9-year-old male) thought of using a
wand and noted, "If it was like a wizard game and I had a wand, I
would just have to (moves wand around) cube done..." For Destroy,
P6 (9-year-old male) and P18 (12-year-old male) proposed cutting
the cube into pieces with a sword, P5 (10-year-old male) thought of
using a trash can to get rid of the cube, and P8 (10-year-old female)



"If you are a Star Wars fan, use the force": Exploring Children’s Virtual-Object Interaction Preferences in AR Headsets

proposed using soap and water, explaining they would, "..tub it [the
cube] and slowly take apart the sides..." In manipulation referents, we
saw a variety of tools and objects such as magnifying glasses (P1,
10-year-old male) for zooming, blow devices (P5, 10-year-old male)
or an anvil (P7, 11-year-old male) for resizing, and weapon-like
objects such as ninja stars (P6, 9-year-old male) to rotate the cube.
For instance, during Make Bigger, P11 (9-year-old male) thought
of using Play-Doh and Legos and mentioned, "I would put layers
around it, like Play-Doh around the walls. Because if I want to make
stuff big with Legos, I put more stuff around it to make it bigger..."

5 Discussion

We focus our discussion on 4 categories: (1) comparing our findings
to prior work, (2) exploring children’s use of context and narratives
in their interactions, (3) analyzing our use of qualitative coding to
quantify children’s proposed interactions, and (4) providing a set of
design recommendations for AR headset experiences for children.

5.1 Our Findings Compared to Prior Work

We found that children preferred using Direct Manipulation ges-
tures, rarely considering external controllers, speech commands,
or symbolic gestures (e.g., drawing an X to Destroy the cube). Our
findings empirically validate Woodward et al’s [82] conceptual
model, which hypothesized that children would prioritize natural
interaction (i.e., direct manipulation) in AR. By observing children’s
physical behavior, we confirm that this preference persists when
children directly interact with an AR headset. Munsigner et al. [43]
explored three AR headset interaction methods (controller, gesture,
speech) through a Fitts’ Law task study, which found that children
rated controllers as having the highest usability and lowest fatigue
compared to using gestures or speech. While children in Munsigner
et al’s. study found controllers to be more usable and less fatiguing,
the children in our study rarely mentioned the use of controllers,
pointing towards a mismatch in expectations. Furthermore, the
lack of symbolic gestures proposed in our study coincides with
what was observed in Rust et al’s [61] touchscreen display study,
in which children performed fewer symbolic gestures compared
to adults. Connell et al. [14] conducted a gesture elicitation study
analyzing children’s interactions with a whole-body interface in
which children proposed interactions for interacting with a virtual
cube and a menu displayed on a flat-screen display. The authors also
found that some children employed more body-centered gestures,
similar to what we found in Physical Movement and Whole-Body
Interaction. However, children in our study went beyond by also
utilizing their lower body (e.g., kicking) and leveraging the 3D space
offered by the AR environment (e.g., running).

In our study, only a small percentage of the children’s interac-
tions were speech (5.6%, N = 37/663). Lauer et al. [33] investigated
the usability of AR headsets with children, in which children se-
lected a gemstone using a tap, air-tap, or a speech command. They
found that a majority of children preferred the use of speech due
to its simplicity. However, Lauer et al. only provided children with
three interaction options for one task (i.e., selecting) while we ex-
amined a range of tasks and elicited children’s natural expectations.
In just looking at selecting, we also found that children used speech
more frequently compared to other tasks; however, as mentioned
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above, the children’s use of speech for other tasks remained low.
Delgado et al. [16] conducted an unconstrained AR headset elic-
itation study, in which adults showed how they would interact
with a virtual cube. The authors found that adults sometimes pre-
ferred speech over gestures, mentioning that speech possessed
multitasking capabilities, increased interaction precision, and over-
all simplicity. In addition, Woodward et al’s. [82] online PD study
reported children thought of using speech as part of their AR head-
set interactions; however, in their study children did not interact
with an AR headset. Conversely, we found that when children di-
rectly interacted with virtual objects in an AR headset, they rarely
proposed using speech in their interactions.

Children’s overwhelming preference for gestures over other
interaction methods, particularly their frequent use of Direct Ma-
nipulation, could be attributed to children constructing their mental
model around interacting with the cube as if it was a real-world
object. This preference for Direct Manipulation in interactions was
also found by previous AR headset elicitation studies conducted
with adults [53, 55, 78]; however, these studies constrained adults
to using a single interaction type at a time, which limited the emer-
gence of people’s natural expectations. Delgado et al’s [16] study
opted for a more open-ended approach that allowed adults to better
express their natural preferences. The authors found that adults
would sometimes mention the use of External Objects as a visual
aid for their interactions. Our study found that children also used
External Objects, which even extended into children using External
Materials (e.g., using clay to create the cube), a behavior not ob-
served in adults [16]. We found that children used External Objects
differently and more frequently than adults. Children often used
external objects as tools, such as using a screwdriver to assemble
the cube, a microscope to zoom it in, swords to push and cut, at-
taching a propeller to move the cube, or dropping an anvil on it so
it would get smaller. Adults’ use of external objects were grounded
in having the object as a visual aid to explain the interaction (e.g.,
a separate handle for rotating the cube), not as a core component
of the interaction.

In our conceptual model, children constructed their interactions
based on their Internal Factors and Expectations, which were also
affected by their understanding of the Technology & Environment.
Quander et al. [57] found that children perceived AR headsets to be
more intelligent compared to other devices (i.e., AR Tablet, Alexa).
We found that children perceived the headset to be intelligent, lead-
ing to a variety of interaction and system expectations (e.g., System
Awareness, Blending Virtual and Real World, Simple Physics, etc.).
In comparing our conceptual model to Woodward et al’s study
[82] (mentioned above), we saw similar expectations. For example,
children expected a level of system awareness from the AR headset,
the virtual world to affect the real world, the use of multiple inter-
action types and whole-body interactions, and a concern for a lack
of headset ability. While the children in Woodward et al’s study
did not physically interact with an AR headset, they found that
children had expectations for system awareness and blending the
virtual with real world which was consistent with what we found
when children directly interacted with an AR headset. Additionally,
children’s use of the AR headset allowed us to see how the head-
set’s Technology & Environment affected their mental model and
interaction preferences.
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5.2 Context and Narratives

An interesting finding from our study, uncovered in Internal Factors,
was that children created narratives behind their interactions. These
narratives were shaped by children’s own Intrinsic Motivations and
the Context/Reasoning they provided to support their proposed in-
teractions. Prior AR headset elicitation studies with adults did not
observe an emergence of storytelling or contextualization as core
components of virtual-object interactions [16, 53, 55, 78]. In our
study, children often used narratives as a prerequisite to propose in-
teractions, giving their interaction a meaningful purpose. For Move
Up, P2 (11-year-old-male) thought of kicking the cube (Fig. 4A&B),
explaining "so if I'm like walking in a tunnel or something and I try
to go under it so it doesn’t hit my head."

Children’s tendency to weave stories for contextualization aligns
with established psychological theories. Self-Determination Theory
suggests that intrinsic motivations drive human behavior [15]. We
saw this in children through their self-set goals (e.g., protecting
the cube, wanting a challenge), which influenced their interaction
choices. The Narrative Paradigm Theory [20] proposes that humans
construct stories to make sense of abstract experiences. We found
that children used storytelling as a tool to connect the unfamiliar
AR environment with familiar contexts. Interestingly, previous
elicitation studies with children [14, 61, 66] did not remark the use
storytelling in their interactions, suggesting that this behavior could
have emerged due to the unique interaction possibilities offered by
AR headsets, as the virtual and real world are more blended.

5.3 Qualitative Coding

We utilized qualitative coding to quantify the children’s proposed
interactions. While this approach is a standard technique used by
prior elicitation studies with both adults and children [16, 61, 66,
68], we saw that children’s unique interaction propositions in AR
headsets were sometimes too complex to fully capture with a pure
interaction coding approach. As an example, for Zoom Out, P1
(10-year-old-male) chose to "fly up in a helicopter making it harder
to see” explaining that "since helicopters can go up really high in the
sky, making it harder to see stuff. You can see lots of it." Additionally,
children would often describe the same interaction theme (e.g.,
stretching the cube for Make bigger) but perform slightly different
gestures. For instance, some children pulled opposite corners with
two fingers, others grabbed and pulled the sides of the cube, and one
child placed two "suction devices" on opposite sides of the cube to
stretch it. Pham et al. [53] opted to focus their AR headset elicitation
analysis around using interaction themes to reduce unnecessary
gesture variance and to better capture how adults thought about
interacting with the objects. As an example, the authors created a
squish theme to group gestures that had the same intent to squish
the object (e.g., clap with hand, with fist, push into ground). We
recommend that future gesture elicitation studies with children and
AR headsets focus on a thematic approach, as it may better capture
children’s diverse interactions with virtual objects.

5.4 AR Headset Design Recommendations

Based on our conceptual model and quantitative analysis, we have
crafted a set of design recommendations that can provide direc-
tion for designing child-centered AR headset interactions. In each
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subsection, we connect the recommendation to our findings by
stating the conceptual model themes that led to the recommen-
dation, and highlight which recommendations can be currently
implemented and which require additional future research. Cur-
rent and future AR headset application designers can utilize our
recommendations as a general guide to create more engaging and
intuitive applications that could better align with children’s nat-
ural expectations and preferences. Although our work provides a
necessary and important foundation, more research will be needed
to further understand how to create child-centered AR headset
experiences (e.g., examining different contexts and tasks).

5.4.1 Support Whole-Body Interactions [Current & Future]. Our
findings from Interaction Types and 3D Space/Environment themes
revealed that children frequently utilized their lower body (e.g.,
kicking to move the cube up) and locomotion (e.g., running away to
zoom out) to accomplish tasks. Current AR headsets prioritize fine-
motor hand gestures, such as the "air tap" or the one-handed wrist
start gesture found in the Microsoft HoloLens 2 [42]. Prior work
investigated the usability of Microsoft HoloLens 2 for elementary
school children and found that 60% of the children disliked the
air-tap gesture because it was difficult to perform.

Woodward et al. [82] suggested that future headsets should sup-
port mobility based on children’s design ideas from online study
sessions. However, it is important to note that in Woodward et
al’s study [82], the children did not interact with an AR headset.
Our findings provide an empirical verification of Woodward et al’s
conceptual recommendation. We observed that when wearing the
AR headset, children went beyond the traditional inputs supported
by current hardware and wanted to utilize their entire body. There-
fore, we recommend that designers focus on expanding gesture
recognition libraries to better track input from the whole body,
which aligns with children’s interaction expectations.

5.4.2 Using External Objects to Facilitate Interactions [Current]. A
key component of our Expectations theme was the use of External
Objects in their interactions, a behavior that was largely absent
from previous AR headset gesture elicitation studies conducted
with adults [16, 53, 55, 79], as well as other studies with children
and AR headsets [33, 57, 82]. One of the main reasons children
opted for external objects was to use them as tools or aids that
facilitated an interaction with the cube (e.g., using binoculars to
zoom into the cube instead of walking towards it). Current AR
headset applications often require users to learn abstract gestures
to perform tasks (e.g., a specific pinch to zoom in).

Future designers of AR headset applications for children could
incorporate external objects as part of a "Virtual Toolkit" in which
specific gestures would summon application-specific 3D tools (e.g.,
a punching motion summons a virtual hammer for destruction).
Furthermore, utilizing the headset’s depth sensors to recognize
generic physical props (e.g., a held stick acting as a wand) would
bridge the child’s physical environment with their virtual intent,
satisfying their expectation for direct object manipulation.

5.4.3 Bridge the Virtual and Real-World [Current & Future]. Our
quantitative analysis revealed that the children tended to use Direct
Manipulation to interact with the cube, expecting that the cube will
react to physical forces like a real-world object. As discussed in the
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Blending the Virtual with Real World theme, some of the children
expected real-world objects to interact with the virtual environment
(e.g., going outside to grab sticks to push the cube), and for virtual
objects to realistically interact with the real-world, believing that
virtual and physical objects would be able to seamlessly interact in
both environments.

Woodward et al [82] previously identified that children concep-
tually imagined virtual elements affecting the real world. However,
the proposals from children in Woodward et al’s study tended to
be more fantastical (e.g., a virtual lightsaber cutting real cars in
half), which could be due to the fact that their child participants
did not actually interact with an AR headset. Our Technology &
Environment theme revealed that while the children expected the
virtual object to interact with the real world, their mental models
were typically built around the idea that the cube would seamlessly
interact with the real environment based on the cube’s material
properties. For instance, for Destroy, P9 (11-year-old-male) decided
to throw the cube at the wall instead of the ground "Because the
ground is carpet, the wall is concrete, so I think it would break more
easily on the wall” Current AR experiences often treat virtual ob-
jects as floating overlays that ignore the environment [27], such as
a virtual car phasing through physical walls. Therefore, we recom-
mend that designers incorporate a context-aware physics engine
that can leverage spatial mapping and computer vision to simulate
realistic material interactions. If a child drops a virtual object, it
should fall on top of the floor instead of phasing through it; if the
object is thrown, then it should shatter or bounce off the physical
surface it strikes.

5.4.4  Align Virtual-Object Appearance with Interaction Effort [Cur-
rent]. In Technology & Environment, we found that the size, shape,
and appearance of the virtual object influenced how children per-
ceived the object and interacted with it. While prior work with AR
headsets [53] found that the geometry of a virtual object (i.e., size
and shape) influences adults’ gesture choices, our findings uncov-
ered that the appearance (e.g., visual textures) of the virtual object,
in addition to size and shape, led children to attribute physical
properties (e.g., weight, friction, and fragility) to the virtual object.
For instance, P8 was concerned with dropping the cube, reasoning
that it could be made out of "glass" and might shatter, while P6 wor-
ried the cube was hard enough to break a real-world foam sword.
Therefore, designers should focus on connecting the virtual object’s
appearance with the intended action. For example, if a two-handed
gesture is required, the virtual object should appear heavy (e.g.,
have a metallic texture, larger size) so children can more naturally
interact with the object in an AR headset application.

5.4.5 Incorporate Context & Storytelling [Current & Future]. As
previously discussed in the Discussion section on Context and Nar-
ratives, we found that children used storytelling to map the unfa-
miliar AR referents to actions and contexts familiar to them. While
contextualization and storytelling can be great ways for children to
construct a mental model for virtual-object interactions in AR head-
sets, it can also lead to interaction mismatches between children’s
own internal narrative and the system’s functionality. Therefore, we
recommend designers incorporate a narrative/storytelling compo-
nent when introducing system functions and gestures to children.
Teaching children how to interact with the application through
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a story relevant to the application’s context could better inform
children of the system’s functionality and capabilities.

6 Limitations and Future Work

There are limitations to the scope of our work. We conducted our
elicitation study with 20 children, which might seem low, but is
consistent with prior work [14, 43, 61, 66]. Also, in our study, four
of the children were female. While we did not break up our analy-
sis by gender, we saw females present throughout our qualitative
themes. A total of 17 children in our study had some form of prior
VR headset experience, which may have biased their interactions
with the virtual cube in the AR headset. Another limitation of our
study is that all the children were recruited from the same city.
Therefore, their economic, cultural, and societal background might
be similar to each other, as we did not control for this. Future work
should recruit children from geographically different areas. Addi-
tionally, we used a 3D virtual cube and 17 basic referents to provide
a foundation of children’s expectations of virtual object interaction.
While we are able to establish a baseline, the cube and referents
may also have influenced the children’s interaction proposals. Addi-
tionally, we did not analyze how a different context could influence
children’s preferences. Future research should look at the impact of
context on interaction preferences, as well as interactions with dif-
ferent virtual objects (e.g., vehicles, characters, game elements) and
evaluate more complex referents in different interaction contexts
(e.g., collaboration, productivity, gaming). Furthermore, we did not
examine display factors such as field of view constraints, occlu-
sion, or depth perception. Future work could analyze whether these
display factors affect the children’s expectations. Finally, beyond
self-reported ratings, we did not evaluate the proposed interactions
for usability, effectiveness, or cognitive workload, which future
research should investigate.

7 Conclusion

Despite children increasingly using AR headsets in different con-
texts, little is known about how children expect to interact with
virtual objects in the headsets. To design a more engaging and intu-
itive AR experience for children, it is important to understand how
they conceptualize AR headset object interactions. In this work, we
conducted an elicitation study with 20 children (ages 9-12) in which
they saw a virtual 3D cube complete 17 different referents (e.g.,
Move Up, Destroy) and proposed interactions for the referents. To
our knowledge, we are the first to explore children’s expectations
of virtual-object interactions through the use of gesture elicitation
with an AR headset. We found that the children mostly used their
hands and bodies to directly interact with the cube. Our conceptual
model shows that children’s internal factors (e.g., intrinsic moti-
vations, prior experiences) shape their interaction expectations
(e.g., direct manipulation, usage of external objects) and system
expectations (e.g., basic physics, system awareness). Children’s in-
ternal factors and expectations are then affected by their technology
and environment perceptions (e.g., attributes of the virtual object,
environment constraints). Together, these elements shaped the chil-
dren’s creative and diverse set of interaction proposals. We also
present recommendations for designing intuitive AR headset appli-
cations for children that align with their conceptual models, such



CHI

’26, April 13-17, 2026, Barcelona, Spain

as using external objects to facilitate interactions, connecting inter-
actions with real-world parallels, and incorporating storytelling to
create more engaging and intuitive AR headset applications.
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