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Abstract

The degrees of freedom of our arms allow us to easily translate
and rotate our hands in front of our bodies. As such, most of the
common mid-air input in Extended Reality (XR) builds on these
two 3D transforms. However, current research primarily focuses
on specific forms and expressions of mid-air input, thereby not
providing insights into the comfort and performance of the two
gestural primitive building blocks: rotation and translation. To
design ergonomic mid-air XR gesture input, we need a thorough
understanding of the comfort and performance intrinsic to these
two ground-laying building blocks. In this work, we investigate the
effects of multiple influences of gestural input, such as interaction
placement and complexity, on perceived comfort and performance.
Our results reveal comfort preferences for translational interaction,
while also highlighting opportunities for rotational-based input.
We discuss how these findings can guide designers in creating
more comfortable XR experiences and situate our findings within
previous work.

CCS Concepts

« Human-centered computing — Gestural input.
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1 Introduction

The Augmented Humans community envisions systems that extend
what people can perceive and do. XR is a promising interface for
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such augmentation, as it enables ubiquitous access to a digitally
augmented world throughout the day. The primary interaction
modality for these systems are mid-air gestures. However, pro-
longed use induces strain and fatigue, limiting the feasibility of
sustainable augmentation.

Mid-air interaction in XR commonly relies on translation and
rotation [13, 36]. While these transforms themselves are not novel
to research, they remain the primitive building blocks of nearly
all mid-air gestures: whether users push, pull, drag, dial, twist, or
align objects, these actions fundamentally decompose into trans-
lational and rotational motions. Despite their central role, prior
work primarily investigates concrete gesture designs, use cases, or
interaction techniques, leaving the ergonomic foundations of these
primitives largely underexplored.

To achieve sustainable augmentation, we must understand the
comfort implications of the underlying motions that constitute
more complex gestures to make them more ergonomic. In this
work, we shift attention from inventing new gestures to under-
standing how the foundational transforms themselves, translation
and rotation(3D MANIPULATION [13, 36]), affect perceived comfort.
We additionally study how interaction PROXIMITY, DIRECTNESS,
GRANULARITY, and target attributes (TARGET, DIRECTION [25, 26])
shape comfort and performance.

Through a controlled study with 20 participants, we show that
translational input is consistently more comfortable and efficient,
while rotational input becomes comparably comfortable in specific
spatial or fine-granular contexts. Indirect interaction further re-
duces physical demand without compromising performance. Our
findings provide a foundational understanding of comfort across
these gestural primitive building blocks, offering actionable guid-
ance for designing more ergonomic mid-air interactions and, ulti-
mately, more sustainable augmented human experiences.

2 Related Work

2.1 Interaction Techniques for Extended
Reality (XR)

Previous research examined several XR interaction modalities. They
range from specially designed controllers [48, 65] over everyday
objects [27, 70] to using the own body as input [14].

When using hardware or objects for input, researchers created
numerous customized tangibles and controllers [57, 58]. However,
these devices mainly focus on novel interaction techniques, while
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comfort and ergonomics are typically not addressed directly. Yet,
they benefit from close-to-body interaction and lowered or an-
gled [23] hand posture. Research also explored the possibility of
using more everyday objects as input devices compared to special-
ized hardware. For instance, Al-Sada et al. [1] presented embed-
ded inputs from intelligent wearables to interact with augmented
worlds. Additionally, multiple researchers explored even more
commonly and daily-used hardware such as smartphones [9, 55],
tablets [19, 28], or smartwatches [24, 67]. Using these objects and
hardware as input devices still requires them to be carried around,
even when not used. This can be cumbersome in on-the-go scenar-
ios.

To this end, research also examined hands-free approaches, re-
quiring no additional hardware carried in the hands, for XR interac-
tion by using gestures. This includes either the whole body [14] or
just parts of it such as forearms [17], palms [41], the abdomen [60]
or the face [53, 68]. One advantage of using the body as an input de-
vice is the presence of passive haptic feedback for the user. Research
has shown that even simple passive haptic feedback can increase
the accuracy and task completion time [45, 62]. However, these
gestures sometimes struggle with social acceptability, as the user
prefers less noticeable gestures [2]. For that reason, a multitude
of research focused on eye gaze as input [29, 44, 50]. This allows
almost unnoticeable interaction with XR applications. Besides gaze,
mid-air hand gestures were extensively explored by researchers
and became state-of-the-art interaction techniques for modern XR
Head-Mounted Displays (HMDs) [8, 33, 61]. Utilizing a combination
of hand movement, posture, and gaze allows for convenient and
flexible interaction within arm’s reach [39, 43]. A great advantage
of mid-air gestures is the versatility and flexibility compared to the
previously mentioned hardware. For instance, Jahani et al. [21] an-
alyzed over 900 hand gestures just for in-vehicle interfaces, which
shows their high versatility. They can adapt to every surrounding,
environment, and use case. Thus, mid-air gestures are the default
interaction modality in most modern XR HMDs.

Again, most of these approaches investigate interaction con-
cepts and often suffer from physical strain and fatigue when used
for a prolonged time, resulting in discomfort and non-ergonomic
interactions. Therefore, gaining comprehensive insights into the
ergonomics of XR mid-air gestures could benefit from making them
more comfortable while still benefiting from their high versatility.

2.2 Discomfort of Mid-air Gestures

While mid-air gestures are versatile and convenient, they are af-
fected by several disadvantages. For example, mid-air gestures result
in arm fatigue if the interfaces do not adequately fit the user’s er-
gonomics. When users have to hold their arms in front of the body
for a prolonged time without support, they start to feel discomfort
induced by the so-called “gorilla arm” [18, 22, 59] effect.

Keeping arms lowered and close to the body was found to be
the most ergonomic and comfortable position by multiple prior
work [18, 26, 35, 36, 46]. Moving interaction elements to this zone
is a naive yet practical approach to allow users to interact in this
lowered position. Another solution the researcher proposed was
systems and input methods that enabled users to interact with the
XR Environment on eye height while allowing them to keep their
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arms in a lowered position [20, 32, 40, 69]. ErgO [40], for instance,
remaps the arm’s lower reachable space to a more significant in-
teraction space inside the XR Application. This allows the users to
interact with elements at eye height while maintaining their arms in
a lowered, comfortable position. A common technique is also utiliz-
ing ray-casting to interact with objects at eye height from a distance.
A recent work enabled the combination of upper limb movement
with raycasting to create "Joint-Amplified Raycasting" [35]. This
technique allows a lowered and more comfortable arm position
during raycast input in XR.

To allocate these comfortable positions, previous work proposed
models [36] and systems [13, 34] to assist designers in finding
comfortable interaction zones around the user. RULA [36], for in-
stance, classified postures of the arms, hands, and head in different
groups. Based on that, RULA derives a score that ranks the posture
on a scale from 1, acceptable posture, to 7, really uncomfortable
posture. However, RULA does not account for the interaction du-
ration. Therefore, Hincapié-Ramos et al. proposed the Consumed
Endurance [18] rating, including the time spent holding a posture.
Similar to RULA, the Consumed Endurance rates the posture of the
user. But this time, the system also considers the time spent in the
posture. The Consumed Endurance rates worsen the longer a user
stays in a pose. In contrast to RULA, the Consumed Endurance is
calculated on the fly and not before interacting. Therefore, the XR
application can dynamically adapt to the calculated fatigue.

While the Consumed Endurance now considers the time in its
calculation, one crucial part of the general interaction is still miss-
ing: the action or gesture the user has to perform. Previous work
shows that rotational arm movements require more muscle activa-
tion and, therefore, induce more strain to the arm than positioning
movements [56]. Therefore, rotational and translational interaction
should be rated differently regarding perceived comfort. To fully
understand the ergonomics and comfortable design of XR Envi-
ronments, we need a deep understanding of the influence of 3D
manipulation gestures, like translation and rotation, on the user’s
comfort to fully understand the user’s convenience.

2.3 Summary

While research shows plenty of ways and opportunities to interact
in XR, mid-air gestures are still considered a state-of-the-art interac-
tion modality within numerous HMD application areas. However,
previous work also revealed that these interactions can induce
fatigue and discomfort, for example, when used for a prolonged
time [18, 22] or necessitates a non-ergonomic posture [13]. Con-
temporary metrics to quantify comfort for mid-air interactions, like
RULA [36] and the Consumed Endurance [18] are already helpful
tools to assess the user’s comfort, but currently only consider the
location of the interaction, like reaching for an XR Element, but
not the performed interaction itself. Therefore, we built upon these
valuable insights in this work but included the performed XR ma-
nipulation, i.e., translational and rotational movement, and their
influence on users’ comfort during mid-air gestures.

3 Methodology

We conducted a user study to examine the performance and comfort
of different pinch-based mid-air input techniques for spatial direct
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Figure 1: Point-and-Commit gesture: 1) the user targets an ob-
ject by moving the hand close to it ( direct) or pointing toward
it (indirect ); 2) performs a pinch to activate manipulation;
and 3) moves or rotates the hand to set the value of the UI.

and indirect 3D manipulabl&XR User Interfaces{ls). Based on
related work, we de ne the following research questions:

RQ1 How does the interaction distance in uence the user's pref-
erence to interact directly or indirectly for a more comfortable
interaction?

RQ2 How does direct and indirect interaction in uence comfort
and performance?

RQ3 How does rotational and translational manipulation in uence
the perceived comfort and performance?

RQ4 How do the element direction, target, and granularity in u-
ence the comfort and performance?

3.1 Study Design and Task

We conducted a within-subjects experiment, where participants
had to controlpositioning androtational (3D Manipulation )

XR Ulelements with diverse levels dbranularity , i.e., the num-
ber of discrete steps available for each control element and set
them to a predetermined valu®frection andTarget ). Higher
granularity can increase the motor and cognitive e ort required to
complete a task accurately, and thus indirectly impact perceived
di culty. Participants used either spatially direct or indirect mid-air
pinch gesturesDirectness ). Doing so, we followed the Point-and-
Commit design concept for gestures. Users target digital objects
using hand position and select them using a pinch gesture. Dur-
ing the interaction, the selected object will follow the pinching
hand's pose. To end the interaction, the participant releases the
pinch gesture (see Figure 1). Finally, we measured their in uence on
Comfort , Number of Interactions , Total Time , Convenience,
Mental demand , andPhysical demand.

3.2 Independent Variables

To gain a comprehensive understanding of the potential in uences
on performance and comfort during interactions witkiR Ulele-
ments, we systematically manipulated the following six factors:
Directness We introduced the two leveldirectandindirectinter-
action that embody contrasting approaches of spatial o s&t47.
Fordirectconditions, users engaged with the interface right at
its visual representation. This imitates the interaction with non-
virtual physical objects, where the user can only transform the
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object when directly grasping it. In contrast, durinigdirectcon-
ditions, users were able to control the interface using their hand
from any spatial location, e.g., with lowered hands not directly
grasping the object and from a distance, see Figure 2. In both
cases, users had to face their ngertips in the general direction of
the virtual interface to select it with a pinch gesture. Thirect
conditions require the hand within the visual representation of
the task, while thendirectconditions do not.

3D Manipulation Based on related work7], we divided the

user interaction inXRin two distinct 3D transforms: 1position

and 2)rotation These two motions are natural for the human arm
and form the basis of most mid-air input in XR environments.
We, therefore, integrated two user interface components in the
form of a slider for positioning and a rotary knob for a rotational
interaction, as depicted in Figure 1, representing one of the trans-
forms each. This decision is based on related work. The slider
was created with horizontal translation to avoid potential rapid
shifts in perceived comfort and comfort associated with both
vertical and diagonal translationl[2, 1§, which could arti cially
degrade the interaction experience compared to rotational inter-
action. The horizontal slider creates a baseline for translational
interaction, combining good visibility and constant perceived
comfort. The rotation knob has been designed to rotate around
the fordinal axis, as previous work has shown the best accuracy
results and comparable performance to rotation around the verti-
cal axis b2. However, rotations around the vertical axis are not
widely applied, especially in User Interface designs. We, therefore,
opted for rotation around the ordinal axis to balance visibility
and perceived comfort. We used the same visualization above the
respective element for both tasks to increase the comparability
further.

Proximity  To investigate the impact of the spatial separation be-

tween the user and th&Jl element, we examined four categories
of proximity, denoted as 1¢lose 2) midway, 3)far, and 4)out

of reach[52 63. To keep the variation of reachable distances
comparable across participants, we calibrated the distances based
on the individual participants' arm length32 63. The four levels
were de ned as follows: 1/2 arm length farlose 3/4 arm length
for midway, one arm lengttfar, and two arm lengths foout of
reach ThecloseProximity was further aligned with the length

of the participant's lower arm, whereas thfar Proximity corre-
sponded to the extent of the full arm length. As such, the initial
three levels explored the spatial domain within direct reach of
the user's arm, while the interface duringut of reactProxim-

ity conditions examined user behavior beyond the personally
reachable range, as depicted in Figure 2.

Granularity To assess the task performance and user comfort

across varying levels dfil complexity and providing comparable
Target s, we introduced three levels of interfacranularity : 1)
rough 2)moderatgand 3) ne (similar to [5]]), to de ne the num-

ber of possible value steps that can be set for the gildelement

by the participants. TheoughGranularity level encompassed

13 potential steps, while thenoderatdevel accommodated 19
possible steps, and nally, thene level had 25 distinct steps.
These divisions had multiple value steps across@ianularity

levels at the same distance to the center, as depicted in Figure 2.4.
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