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Figure 1: GazeTune is a cascaded multimodal interaction combining eye gaze and touch input to overcome natural gaze
imprecision and motion-induced instability. Shown here in a text selection workflow: (a) The user coarsely positions the cursor
via gaze. (b) Touching the screen locks the cursor, allowing precise refinement via subtle finger movement. (c) To drag an
element, the user first dwells their finger to begin selection and then shifts their gaze to the coarse target destination. (d) A new
gaze fixation re-locks the cursor for a final touch refinement before finalizing placement.

Abstract

Eye gaze has become an essential input for spatial computing, but
its coarse targeting and saccadic nature limit precision and com-
plicate continuous interactions such as dragging, especially under
user motion. Gaze+pinch has also become standard in XR for its
convenience, yet mid-air gestures remain imprecise, fatiguing, and
socially unacceptable. These limitations underscore the need for
an approach that preserves the speed of gaze while enabling stable,
fine control. We present GazeTune, a cascaded multimodal inter-
action technique combining gaze and touch to refine gaze-based
selection and manipulation. Touch serves as a refinement channel
within gaze pointing, allowing precise cursor and target control.
Our work investigates how gaze-and-touch enhances dragging and
mitigates Motion-Induced instability. In a study (N=20), we com-
pared GazeTune against gaze-only and gaze-pinch methods in 2D
dragging. Results show that GazeTune achieves significantly lower
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error with comparable execution time, validating its effectiveness
and balanced trade-off between time and accuracy.
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1 Introduction

Eye gaze has been considered a natural input modality for extended
reality (XR), enabling fast and low-effort interaction through a sim-
ple glance. Still, gaze input does not support continuous operations
such as dragging, which demands sustained precision and stability.
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While gaze is effective for coarse positioning, it lacks the stability
needed for fine control due to its saccadic nature and tracking noise.
Meanwhile, gaze+pinch interactions [31] have emerged as a conve-
nient and intuitive solution in XR. Yet, mid-air hand gestures remain
imprecise, fatiguing, and socially intrusive [14, 27]. As XR devices
become increasingly portable (e.g., AR glasses), interactions are
expected to function reliably not only in stationary settings but also
under locomotion. In such motion-induced conditions, it remains
unclear whether gaze+pinch alone can provide stable and precise
manipulation. These limitations become particularly evident in
dragging, such as adjusting sliders or specifying ranges, where con-
tinuous and reliable control is essential. Dragging, therefore, is not
merely a stationary interaction but a fundamental operation that
extends to use, where precision should be maintained in motion.
Rather than extreme movements, this motion refers to everyday
urban mobility such as walking or commuting, where users are
typically forced to stop due to gait-induced noise when performing
such precision tasks.

Several multimodal techniques combine gaze with complemen-
tary inputs (e.g., head [22, 35], hand [3, 48], controller [4], touch [2,
38, 42]) to compensate for its inherent imprecision. While effective
in stationary settings, these approaches often struggle to support
fine-grained corrections during physical movement, as they tend to
rely on discrete steps rather than fluid, small-amplitude adjustments.
A recent study [48] demonstrated the potential of gaze-assisted
dragging with fluid modality transitions, but it did not explicitly
address interaction while the user is in motion. Furthermore, as XR
moves toward everyday use, users will need precise manipulation
techniques that remain practical in public spaces where large, mid-
air gestures are undesirable. This highlights the value of leveraging
companion devices, like smartwatches, to enable subtle corrective
input without adding physical strain or social intrusiveness.

These considerations motivate a gaze-driven design that pre-
serves rapid coarse targeting while enabling fine, continuous ma-
nipulation with minimal physical effort. To achieve this, we leverage
a smartwatch as a low-overhead, always-accessible complementary
channel for subtle touch corrections. Our goal is to combine rapid
gaze acquisition with stable touch refinement within a single con-
tinuous sequence, reducing physical effort and ensuring reliable
control. To this end, we introduce GazeTune, a cascaded interaction
technique that pairs coarse gaze targeting with precise touch re-
finement using a commercial smartwatch. The interaction unfolds
in four phases: a) setting the coarse start point with gaze, b) locking
and refining it via touch, c) specifying a rough endpoint with gaze,
and d) refining the final endpoint with touch. Through this flow,
gaze offers rapid spatial anchoring while touch enables localized
fine-tuning, enabling a natural and reliable dragging experience
that neither modality could achieve alone.

To validate our approach, we conducted a user study compar-
ing GazeTune against two baselines: GazePinch (which represents
the state-of-the-art interaction widely used in XR) and GazeTap
(which captures the inherent limitations of gaze-only dragging).
We implemented a Fitts’ law-inspired, consecutive selection-and-
dragging task across two contexts (Stationary vs. Motion-Induced)
to systematically measure efficiency, accuracy, and workload with
a specific focus on user mobility. We found that under the Motion-
Induced condition, GazeTune achieved a significantly lower error
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rate (4.24%) compared to GazePinch (37.12%) and GazeTap (9.70%),
while maintaining comparable task completion times. Furthermore,
GazeTune demonstrated greater stability during manipulation; it
yielded faster Drag & Drop times than GazePinch (2.59 s vs. 4.09 s)
and resulted in a lower dropping error angle (1.44°) than both Gaze-
Tap (1.89°) and GazePinch (2.91°). Overall, our findings demonstrate
that GazeTune effectively minimizes errors and user workload while
preserving the speed advantages of gaze input. This underscores
its resilience during user locomotion and validates our seamless
modality-switching approach. Overall, these results reveal how
users adapt to gaze-and-touch integration, providing insights for
future designs that balance rapid targeting with precise correction.
In summary, this work makes three contributions:

o A novel cascaded gaze-and-touch interaction mechanism for
precise dragging in XR.

e An empirical evaluation comparing GazeTune against exist-
ing gaze-driven baselines, validating its ability to enhance
interaction precision and stability.

e Design implications for integrating touch input into mobile
AR contexts to extend the capabilities of current gaze-based
interactions.

2 Related Work

2.1 Gaze-Driven Interaction Techniques

In this subsection, we highlight why refinement is necessary for
gaze-driven manipulation. Eye movement-based interaction [16, 41]
has become a widely adopted input modality across both 2D devices
and immersive XR environments. Because gaze naturally reflects
a user’s attention and intent to manipulate objects [48], it is of-
ten perceived as faster and less physically demanding than other
inputs. To further enhance its capabilities, researchers have ex-
plored multimodal interactions that combine gaze with additional
modalities to improve expressiveness and input accuracy. For ex-
ample, gaze has been paired with hand gestures [18, 31, 33, 52],
as well as touch input for tasks like mode switching [29, 30, 32]
and text entry [20, 37]. While these complementary strategies ef-
fectively mitigate gaze ambiguity in contexts such as cross-device
positioning [45], occluded-object selection [49], depth-aware tar-
geting [4, 54], and voice interaction [55], the majority of these
evaluations focus almost exclusively on precise selection.

Consequently, the potential of multimodal gaze systems for con-
tinuous operations (e.g., selection and manipulation [46]) - which
require sustained adjustments and stable post-selection dragging
during physical movement - remains underexplored. We address
this gap with GazeTune by integrating touch into a cascaded refine-
ment workflow. By pairing natural gaze pointing with subtle touch
corrections, our approach enables stable and effective dragging
even while the user is in motion.

2.2 Multimodal Refinement for Gaze Input

Even with advanced tracking and calibration [2], gaze alone is
often insufficient for precise target selection and remains inher-
ently error-prone [38]. Beyond technical inaccuracies, gaze-based
systems suffer from the “Midas touch” problem, which leads to
ambiguous or unintended selections. To address this, prior work
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has explored multimodal techniques combining gaze with comple-
mentary inputs (e.g., head, hand, or touch) to improve accuracy
and reliability. Among these, pairing gaze with touch has proven
highly effective [38, 39, 42], providing users with the explicit con-
trol needed to correct errors on the fly. While other complementary
modalities offer advantages, they face limitations for precise re-
finement. Head-based input [22, 35, 47] is intuitive, yet turning
the head can be inconvenient and visually distracting. Mid-air ges-
tures [3, 6, 22, 28, 40, 48] are versatile but become unreliable for
fine refinement during physical movement. Devices like the mouse
(via MAGIC [8, 53]) or controllers [4] support high precision but
lack portability. Finally, approaches relying on voluntary eye move-
ments [51] or error-aware systems [11, 36] help mitigate inaccu-
racies but cannot fully substitute for deliberate, user-controlled
correction.

Given these limitations, we believe wearable touch offers a prac-
tical input channel for precise, selective refinement in mobile con-
texts. Devices such as smartwatches offer readily available, unobtru-
sive touch surfaces that integrate into everyday activities without
requiring users to hold external hardware or perform large, fa-
tiguing body movements. As such, wearable touch serves as an
ideal complement to gaze, providing the stability necessary for
fine-grained control on the go.

2.3 Impact of Mobility on User Interactions

Prior work has addressed position- and movement-independent
gaze interaction on large public displays [19], characterized gaze
accuracy and precision ranges on 2D screens [9], and explored
continuous eye-movement control via smooth-pursuit adjustment
tasks [26]. While gaze has long been considered a powerful in-
put modality, its serious consideration in mobile contexts is rela-
tively recent [25]. Studies have also examined how user movement
and task context shape the effectiveness of input. They revealed
that locomotion and body motion impair input performance on
HMDs across hand-, head-, and eye-based techniques, leading to
higher error and latency while increasing attention and motor
demands [23, 24, 34]. Furthermore, the necessity of gaze compen-
sation in mobile is highlighted by work showing that the choice
of spatial reference critically affects tracking precision [25]. These
findings underscore the importance of considering situational im-
pairments but remain focused on discrete acquisition tasks rather
than continuous manipulation.

Dragging, however, is prone to motion-induced physical insta-
bility, leading to jitter and drift along the path that requires main-
taining control across the entire sequence (start point, path, and
end point). Each stage can be affected by movement-related dis-
turbances, yet dragging has received comparatively little attention
despite its practical relevance in XR. To address this gap, we focus
on stabilizing gaze-driven dragging under motion-induced condi-
tions and evaluate how a gaze & touch technique supports stable
acquisition and intentional real-time refinement.
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Figure 2: The interaction diagram of GazeTune based on
the gaze and touch actions. All processes can be performed
within a single touch sequence to support two main phases of
refinement (Pointing and Dragging). The numbered arrows
(1-5) illustrate the primary interaction flow. Any TouchUp
event ends the interaction cycle, returning the system to Gaze

Pointing.
3 GazeTune System Design

3.1 Design Objectives: Gaze-Driven Dragging
with Minimal Touch Input

In this section, we outline the design goals of GazeTune. Our motiva-
tion is to enable reliable gaze-driven dragging by combining touch
with the rapid targeting advantages of gaze, particularly in scenar-
ios. However, when users are in motion, they cannot maintain a
stable device posture or devote sustained visual attention [1]. Under
these conditions, our design focuses on enabling low-attention inter-
action that operates effectively with minimal movement on compact
touch surfaces while complementing gaze interaction across a wide
XR space. Building on this approach, we pair gaze with subtle touch
refinement to support low-effort interaction and natural modality
transitions, leading to the following design goals (G):

[G1] Leverage Input Familiarity: To reduce the learning effort,
the interaction should align with familiar cursor manipula-
tion metaphors (e.g., trackpad- or mouse-based selection)

[G2] Enable Natural Modality Transitions: Switching between
gaze and touch should be seamless to achieve high precision
with low cognitive load and minimal physical effort.

[G3] Extend Drag Reach from Compact Touch Surfaces: The
technique should remain usable on small touch surfaces typi-
cal of wearables, enabling distant selection while minimizing
physical clutching.
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Figure 3: (al) Gaze pointing to explores the approximate area. (a2) A TouchDown creates a Cursor Lock to anchor the cursor.
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occurs when the gaze moves beyond the scope and satisfies fixation-based rules, allowing the cursor to snap to a new location
for continued touch dragging. The system can repeat iteratively between two stages based on gaze position. (c) The scope is

dynamically updated based on the refined cursor position.

3.2 Overview & Workflow

We designed a cascaded interaction that combines coarse gaze
targeting with fine-grained touch control in a single continuous
sequence. The GazeTune is realized through three gaze actions
and four touch actions (Figure 2) for state transitions. Regarding
TouchDwell, we found that 300 ms was a feasible dwell time, as the
touch already indicates intentional use. These events support two
linked interaction sequences: Point & Select for target acquisition
and Drag & Drop for object manipulation.

(1) Gaze Pointing: As illustrated in Figure 1, the user first explores
the approximate area with gaze for coarse target acquisition [21,
43, 44].

(2) Touch Pointing: A TouchDown anchors the cursor at the cur-
rent gaze position. We refer to this anchor as a Cursor Lock. The
user can TouchMove to refine the cursor relative to this lock,
enabling subsequent selection and dragging (G1).

(3) Select: When the cursor reaches the target, a TouchDwell con-
firms the selection for subsequent manipulation. For Point &
Select, the interaction ends with TouchUp.

Our system maintains a Gaze Scope around the current lock to
regulate transitions. The scope functions as a gating region that
determines whether control remains in local touch refinement or
transitions to gaze targeting (G2).

(4) Touch Dragging: After selection, the user can TouchMove to
drag the object while gaze remains within the Gaze Scope.

(5) Gaze Dragging: When a larger repositioning is needed, the
user shifts gaze outside the Gaze Scope. While maintaining
a TouchDwell and GazeDwell, a fixation establishes a cursor
lock (dragging) for further refinement where the cursor snaps
to the current gaze, similar to prior work [42, 52]. If the fixation
returns within the Gaze Scope, the system returns to Touch
Dragging.

(6) Drop: The interaction is completed by TouchUp, dropping the
object at the final location.

By delegating large-scale tasks to gaze and reserving touch for
short and anchored refinements, it supports precise local refine-
ment and rapid repositioning within a single sequence that could
minimize clutching (G3).

3.3 Cursor Lock for Anchored Refinement

We adopt a Cursor Lock mechanism in which gaze provides a spatial
anchor while touch enables local cursor refinement. When a Cursor
Lock is activated, the gaze cursor is immediately frozen, establishing
a reference point for subsequent touch-driven movements. This
design supports unobtrusive interaction in scenarios by allowing
users to refine input quickly without requiring excessive reliance
on prolonged visual attention. We define two types of locks, each
relevant for a different interaction phase:

(1) Pointing Cursor Lock (Touch). An initial lock is activated
during coarse gaze pointing (Figure 3al) at first touch (Figure 3a2).
This locks the cursor and supports local refinement of the pointing
cursor before selection (Figure 3a3).

(2) Dragging Cursor Lock (Fixation). Activated during gaze
dragging (Figure 3b2). When gaze remains within a 7° radius over a
400 ms window, the system registers stable fixation. And the refine-
ment anchor is re-established at the new fixation point (Figure 3b3).

3.4 Gaze Scope for Mode Gating

To ensure stable refinement and avoid unintended cursor jumps
from natural saccadic eye movement, we configure a Gaze Scope (Fig-
ure 3c), a region surrounding the refinement anchor position. This
region determines whether the user intends to perform fine-grained
refinement or reposition the cursor over a long distance.

The Gaze Scope region dynamically extends based on the re-
fined cursor’s position relative to the initial Dragging Cursor Lock
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Figure 4: (a) Study setup for the Stationary and Motion-Induced conditions. Participants walk on the treadmill while wearing
an HMD (Meta Quest Pro, 1800 x 1920 pixels per eye, 90 Hz refresh rate) and controlling a smartwatch touchscreen (Galaxy
Watch 7, SM-L310, 44 mm). (b) Overall study setup. The trial target appears in a circular layout, and the drag target appears if
the user selects it. (c) Task time subcomponents and procedure of each trial. (d) Each trial begins with selecting the trial target.
From trial onset to drag target selection is measured as Selection Time (ST). From drag target selection to dropping it at the
destination is the Drag & Drop Time (DDT). The total duration is Task Completion Time (TCT). Trials repeat across techniques,

contexts, and amplitudes.

anchor. It forms a flexible pill-shaped region (i.e., discorectangle)
composed of two 10.1° circles centered on the initial anchor po-
sition, the current refinement cursor position, and a rectangular
corridor connecting them (Sec 4.3). The Gaze Scope gates the system
between two distinct modes of operation during dragging inter-
action: (1) Touch Dragging and (2) Gaze Dragging. While the gaze
remains inside the Gaze Scope, the system is in a touch dragging
mode (Figure 3b1). Gaze is ignored for positional updates, allowing
for stable manipulation. When the gaze intentionally moves and
remains outside the scope, the system transitions to coarse gaze-
based dragging (Figure 3b2). If the user fixates on a new point for
over 400 ms, a Cursor Lock (Dragging) “snaps” to the current gaze
position, establishing a new anchor for refinement.

This gating mechanism ensures a predictable transition between
precise touch-driven manipulation and rapid gaze-assisted aiming.
This reduces touchscreen clutching and supports a more seamless
and efficient interaction flow.

4 User Study

The objective of our study is to evaluate the performance and ex-
plore the behavior of GazeTune in comparison to two representative
gaze-based techniques. GazeTap (Baseline 1) represents the base-
line of direct gaze pointing, and GazePinch (Baseline 2) is a widely
adopted mid-air combination of gaze+pinch, regarded as a com-
monly used commercial method but prone to fatigue and jitter. We
aim to assess both performance and trade-offs among techniques.
Specifically, we address following research questions:

e RQ1: How does GazeTune compare to GazeTap and GazePinch
in overall performance, and what advantages does it provide in
the selection and dragging tasks?

e RQ2: How does the integration of touch input influence perfor-
mance under different mobility conditions?

e RQ3: How do users adapt their behavior when using GazeTune,
and how do they perceive its workload and usability?

Table 1: Comparison table for input of each technique. The
primary modality for pointing is eye gaze in common.

GazeTap GazePinch GazeTune (Ours)
Select TouchDown Pinch TouchDown
Drag Trigger | TouchDwell Pinch-in TouchDwell + GazeDwell
Drag Eye gaze Arm Movement | Eye gaze + TouchMove
Drop TouchUp Pinch-out TouchUp

4.1 Study Design Rationale

Smartwatch Use. In line with controller-free XR usage, a smart-
watch offers users an instantly accessible body-worn touch sur-
face without retrieving or holding a device for unobtrusive input.
Since our technique relies on minimal, low-effort touch to refine
gaze-based control, a small anchored surface is more suitable than
handheld devices that require explicit grip or posture adjustments.
Prior work shows that users naturally stabilize their interacting
finger by resting it on the watch, enabling controlled and precise
contact gestures [7]. Based on these considerations, we adopted a
commercial smartwatch as a practical and reliable source of precise
minimal touch input. Despite temporarily engaging both hands,
smartwatches offer social and ergonomic advantages, providing
discreet interactions and avoiding the fatigue and awkwardness
of mid-air gestures. Furthermore, unlike smartphones that require
constant holding and retrieval, smartwatches leave hands free.

GazeTap (Touch-based Baseline). GazeTap relies on gaze for point-
ing and dragging, and selection is confirmed by a tap. The user
maintains finger contact while the drag position is updated by gaze,
and the operation is completed by lifting the finger as illustrated in
Table 1. This baseline helps isolate the inherent limitations of gaze-
only dragging and motivates the need for touch-based refinement
by showing where refinement can contribute to improved control.

GazePinch (Multimodal-based Baseline). GazePinch combines gaze
pointing with a pinch gesture to trigger and maintain dragging.
Once a pinch is performed, the drag position is updated by hand
movement until the pinch is released. Although our technique adds
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a touch surface, GazePinch remains an essential baseline because it
is the dominant multimodal interaction on commercial HMDs and
the closest deployable alternative for a continuous baseline [48]. It
clarifies the benefits of combining gaze with a touch surface and
the refinement workflow, providing a practical point of comparison
with existing gaze-based indirect arm dragging.

Treadmill Use (Motion-Induced Condition). We also examine how
user mobility affects gaze-touch dragging. To validate our method
in a physical mobility setting, we included a treadmill Motion-
Induced condition [24, 34, 50], where body motion can introduce ad-
ditional gaze offset and stability challenges. We considered two con-
ditions: a Stationary condition typical of controlled user studies and
a Motion-Induced condition where the user walks at a steady pace
(1.2 m/s), ensuring a consistent level of body motion across tech-
niques to avoid speed adaptation. We adopted a path-reference [25],
which remained at a fixed distance and height to the user’s path of
locomotion. We evaluate whether gaze—touch integration can main-
tain interaction accuracy and speed even under mobility, where
gaze input is more susceptible to error.

4.2 Apparatus and Task

Our user study followed ISO 9241-9 [15] for a Fitts’-style evaluation
of selection and dragging. Targets were placed on a circular ring at
a viewing distance 2 m from the participant and eye height, divided
into 11 equal sectors (= 32.7°). A sector served as the initial index
in each block, and subsequent trials are a sector on the opposing
side of the previous sector. Target amplitude was manipulated by
visual angle with three levels near (10°), mid (30°), and far (50°),
while target size was fixed at 3.5°. Each trial followed a three-step
sequence. (1) select the trial target to start, which reveals a drag
target, (2) select the drag target to reveal the destination target, and
(3) drag the drag target to the destination and release it to complete.
Participants completed 18 blocks in total, consisting of 3 interaction
techniques (GazeTap/ GazePinch/ GazeTune) X 2 contexts (Station-
ary/Motion-Induced) x3 amplitudes (Near/Mid/Far).

We implemented all techniques in Unity 6 using Meta’s built-in
Interaction SDK! for gaze tracking and pinch detection (Figure 4(a)).
Gaze rays were cast onto the task plane and smoothed with a
1€ filter to get a stable gaze [4]. Touch events on Galaxy Watch
72 are delivered by TouchDown/TouchMove/TouchUp provided by
XDTK [10]. We provided a small semi-transparent gaze cursor and
displayed a gaze scope only during refinement. We provided a short
haptic pulse for the interaction stage (i.e., when a dragging lock
was created) to provide an immediate response to user action using
the built-in actuator in watch-enabled conditions (GazeTap and
GazeTune) [5, 12]. We did not include haptic in the GazePinch as
the pinch action itself provides cutaneous cues.

4.3 Implementation

GazeTap. Gaze performs both acquisition and continuous drag-
ging, while touch gates selection and commitment. On TouchDown,
gaze selection occurs with a short dwell (300 ms). While the touch
is held, the selected target continuously follows the gaze without

!Meta Interaction SDK
2Samsung Galaxy Watch 7
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anchoring. On TouchUp, the dragging ends, and then the stage is
cleared.

postarget(t) = posgaze(t) (1

GazePinch. We used IndexPinchSelector from Meta SDK, which
provides WhenSelected/WhenUnselected events to detect pinch-
in/out. On Pinch-in, the system checks if the gaze lies within the
target and, if so, enters the dragging stage and records an initial
world-space offset between the target and OculusCursor serves
as the gaze-anchored cursor proxy. During dragging, the target is
moved by OculusCursor by controlled by arm movement while
preserving the constant offset (Equation 2). On Pinch-out, the sys-
tem exits the dragging stage and finalizes the manipulation. This
follows the familiar "gaze to aim, pinch to hold" workflow while
providing an indirect drag driven by gaze and hand.

postarget(t) = POScursor () + Ao,

Ag = postarget(to) = POScursor (0)-

@)

GazeTune. On TouchDown, the system locks the current gaze
position and anchors the cursor. During TouchMove, selection is
confirmed when the refined cursor enters the target and satisfies
the dwell execution time (same as GazeTap). For touch dragging,
on-screen TouchMove deltas directly drive refinement. For gaze
dragging, the target snaps toward the current gaze if the gaze
leaves the scope while TouchDwell remains active. The pill-shaped
scope consists of two fixed-radius circles centered at the initial
lock and refined cursor, plus the connecting corridor between them.
Accordingly, gaze gating is determined by three distances: the dis-
tance from the current gaze to the initial anchor, the distance to
the current refined cursor, and the perpendicular distance to the
connecting segment.

A fixation-based Cursor Lock is performed during a brief TouchD-
well when three requirements are met: (1) a valid fixation, (2) the
gaze is out-of-scope, and (3) low touch speed to avoid accidental
recentering. Once a cursor lock is established, refinement resumes
from the updated anchor position. On TouchUp, the system ends
the refinement and clears the lock.

Touch Dragging: postarget(t) = POSefined (1) (3)
Gaze Dragging: posyyge; () = POSgqye (1) (4)
Touch input was mapped to a non-linear control-display gain,

where Ap denotes the touch delta in pixel units. We computed the
touch velocity as v = Ap/At with speed s = ||v||,

9(s) = gmin + (9max — Jmin) (1 - e_s/vmaX) ,

where gmin = 0.001, gmax = 0.003, and vmax = 250. The delta move-
ment is based on smartwatch pixel level, which is scaled by CD gain
and mapped to the corresponding visual angles at a 2 m viewing dis-
tance. The scope was not a hard boundary on cursor movement but
a gating region for switching control modes, remaining controllable
through relative gain anchored to the initial cursor lock.

4.4 Participants and Procedure

We carried out an IRB-approved in-person study with 20 partici-
pants (8 females, mean age of 24), and 18 participants were right-
handed, and 2 participants were left-handed. We first performed
calibration for eye gaze and had a practice session to get used to
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Figure 5: Results across context for each technique with the main effect of technique.

each interaction technique. The total number of conditions was 18 (3
interaction techniques X 2 conditions X 3 target amplitudes). We
counterbalanced the order of the task blocks for 3 different orders
of interaction techniques across participants. Within each block,
the context order was blocked (Stationary and Motion-Induced) to
reduce early variability due to motion-induced jitter, and 3 different
target amplitude levels were randomized. We collected a total of
3,960 data points (20 users X 3 interaction techniques X 2 contexts
X 3 target amplitudes x 11 trials).

4.5 Measures

Our analysis considers the following metrics with task time decom-

posed into subcomponents as shown in Figure 4.
e Dropping Error (DE): Angle difference between the ray from the
head to the target’s final position and the ray from the head to

the intended target position at the end of the trial.

Task Completion Time (TCT): Time from target appearance to
dropping.

Selection Time (ST): Time from target appearance to selection,
relevant as follow-up manipulations can impact selection times.
Drag & Drop Time (DDT): The time from selection to dropping.

Error Rate (ER): The trial if the target’s center is not within the
target’s radius.

Subjective Task Load: NASA-TLX (Task Load Index) question-
naire [13] to assess subjective workload and questions about eye
and hand fatigue referred to previous work [48].

5 Result

For the quantitative analysis, we first removed outliers using the
interquartile range (IQR). We detected that a task completion time
exceeds the mean + 3 x SD or tracking-induced errors. In total,
we removed 130 out of 3,960 trials (3.28%). Then, we checked the
normality of the data and applied a log transformation for non-
normally distributed factors. We used repeated-measures ANOVA
with Greenhouse-Geisser corrections when sphericity was violated.
We also performed pairwise comparisons with Bonferroni correc-
tion to adjust the p-value. For subjective data, we used a Friedman
test with Bonferroni corrected post-hoc Conover tests.

5.1 Performance

5.1.1  Dropping Error (DE). We observed main effects of CONTEXT
(Fllé(.)(())o =42.47,p < .001), TECHNIQUE (F;é?zll =64.52,p < .001), and
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Figure 6: Results across context and amplitude for each tech-
nique with the main effect of technique.

CONTEXT * TECHNIQUE (leé‘.lgl =32.90,p < .001). Errors increased

under Motion-Induced overall, but the pattern was technique-specific.
GazePinch showed a marked rise (1.44—2.91, A=+ 1.47, p<.001),
GazeTune a smaller rise (0.92—1.14, A= + 0.22, p<.05), whereas
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GazeTap was relatively stable (1.80—1.89, A= + 0.09). In Station-
ary, TECHNIQUE was significant (F§3?887 = 25.24,p < .001), while
AMPLITUDE and the TECHNIQUE x AMPLITUDE were not significant.
GazeTune minimized error across amplitudes. In Motion-Induced,

TECHNIQUE (F};7l. = 66.72, p < .001), AMpLITUDE (F};%2, = 4.86,p =

.016), and TECHNIQUE * AMPLITUDE (F3lé?931 =3.71,p = .041) were
all significant. GazeTune again had the lowest error, and GazeTap
was lower than GazePinch. Motion-Induced increased errors and
widened technique gaps, with GazeTune lower than GazeTap and

GazePinch.

5.1.2  Task Completion Time (TCT). The result showed a main ef-

fect of TECHNIQUE (FL40 = 25.68, p < .001), but no main effect of

26.60
CONTEXT. An CONTEXT x TECHNIQUE was also observed (F?ésgz =

16.03,p < .002). Technique ordering stayed the same, but the
gap differed by context. GazePinch slowed under Motion-Induced
(4.57—5.70 s), whereas GazeTap and GazeTune showed no reliable
change. In Stationary, both TECHNIQUE (F1:83. = 23.33,p < .001)

31.38
and AMPLITUDE (F316§939 =57.73, p < .001) showed significant main

effects with a significant interaction (Fgé(.);lz =7.93,p = .001). Par-

ticipants were fastest with GazeTap, and the time worsened with
amplitude. The technique gap changed across amplitudes. In Motion-
Induced, the same pattern held that GazeTap remained fastest, and

amplitude led to the slower time. Also, the TECHNIQUE (F;% =

22.97,p < .001), AMPLITUDE (F3;’8, = 46.91,p < .001) and TECH-
NIQUE * AMPLITUDE interaction were significant (F1.>}, = 11.62,p <

29.24
.001).

5.1.3 Selection Time (ST). Within Amplitude, we found a main
effect of TECHNIQUE (F,;(fgg =12.96, p < .001), but no main effect
of CONTEXT and CONTEXT x TECHNIQUE were observed. Descrip-
tively, GazePinch yielded the shortest selection times (1.58—1.61s),
followed by GazeTap (1.75—1.90 s) and GazeTune (2.19—2.01s).
In Stationary, the effect of TECHNIQUE (F);% = 13.64,p < .001),
F31f311 = 36.24,p < .001) and TECHNIQUE * AMPLI-
TUDE (F,;fg7 = 3.63, p = .041) were significant. GazeTune was reli-
ably slower than GazeTap and GazePinch, and amplitude increased
time. In Motion-Induced, TECHNIQUE (F31f14 =11.64,p < .001 and
AMPLITUDE (F;igé =56.52,p < .001) were significant but the TECH-
NIQUE x AMPLITUDE was not. The result shows GazeTune was slower,
and the amplitude increased the selection time. GazePinch and Gaze-

Tap was faster than GazeTune in both contexts.

AMPLITUDE (

5.1.4 Drag&Drop Time (DDT). Within Amplitude, there was a
main effect of TECHNIQUE (leé% =46.10, p < .001), and a CONTEXT

x TECHNIQUE (F%%, = 20.13, p = .001). The CONTEXT was not sig-
nificant. It showed that Motion-Induced reduced DDT for GazeTap
(1.74—1.44s, A= — 0.30s, p<.01) but increased it for GazePinch
(2.99—4.09s, A= + 1.10s, p<.001), with no reliable change for
GazeTune (2.77—2.59 s). GazeTap was faster than GazePinch and
GazeTune in both contexts, with Motion-Induced sometimes favor-
ing GazeTune over GazePinch. In Stationary, TECHNIQUE (lefgs =
30.86,p < .001) and AMPLITUDE (F3,%0. = 24.60,p < .001) were
significant. TECHNIQUE x AMPLITUDE was also significant (Fglfg1 =
8.49,p = .002). GazeTap was the fastest across amplitudes, and
amplitudes make it slower. In Motion-Induced, TECHNIQUE (F1:1S, =

21.95 —
43.62,p < .001), AMPLITUDE (Fééégg =30.41,p < .001), TECHNIQUE
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Table 2: Drop-error rate by Context X Technique (DE>3.5°).

Context Technique Mean (%) SD (%)
Stationary GazeTap 8.94% 12.65%
Stationary GazePinch 5.91% 6.09%
Stationary GazeTune 2.88% 2.86%
Motion-Induced GazeTap 9.70% 14.76%
Motion-Induced GazePinch 37.12% 15.58%
Motion-Induced GazeTune 4.24% 4.85%
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Figure 7: (a) Release point distribution of each technique
on each target as a 95% confidence ellipse in visual angle.
The removed outlier endpoint was excluded for visualiza-
tion. (b) NASA-TLX and subject rating of each technique for
Stationary and Motion-Induced conditions.

x AMPLITUDE (FL:10 = 18.67, p < .001) were significant. GazeTune
21.99 p g

sometimes outperformed GazePinch.

5.1.5  Error Rate (ER). In Stationary, the ordering is GazeTune (2.88%)
< GazePinch (5.91%) < GazeTap (8.94%). Under Motion-Induced, the
pattern was different (GazeTune (4.24%) < GazeTap (9.70%) < GazePinch
(37.12%)) and widens markedly due to a large increase for GazePinch
while GazeTap is highest in the seated context. GazePinch exhibits

a substantial rise with movement, whereas GazeTune remains com-
paratively low with a smaller increase and dispersion.

5.2 Release point for Dragged Target

During drag & drop, the final release is the most vulnerable to mo-
tion. To characterize spatial accuracy, we observed the release point
distribution with 95% confidence ellipses, which reveals mobility-
driven dispersion and whether anchored refinement steadies release.
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Table 3: Mean + SD of the 95% ellipse size in visual angle
across amplitudes, techniques, and contexts.

Stati Motion-Induced

Amplitude  Technique atonary onon—nduce
X(Esx) ) Flrsy) () F(Esx) ) Flxsy) ()
GazeTap 732+122  470+070  7.65+1.29  534+0.98
Near GazePinch  6.97 + 1.67 4.22 £ 1.09 12.68 £ 1.36  9.96 + 1.42
GazeTune 6.11 £ 1.59 3.23 £0.87 6.99 £ 0.94 4.63 = 1.04
GazeTap 7294077  491+075  828+1.04  534+098
Mid GazePinch ~ 7.26 + 1.62 4.44 £ 0.81 13.11£0.95 10.26 £ 1.29
GazeTune 4.97 +1.42 3.43 £ 1.01 5.96 £0.97 3.07 £0.57
GazeTap 837+094  580+090 860+1.19 644+ 1.05
Far GazePinch  9.03 + 1.52 5.21 £ 1.22 13.83 £ 1.65 9.76 £ 1.78
GazeTune 441+1.21 3.13 £0.50 6.25 + 1.36 3.83 £ 1.17

Detailed values are reported in table 5.2. First, ellipses are gener-
ally larger under Motion-Induced, with the gap most pronounced
for GazePinch. For example, GazePinch at Mid is 13.11° X 10.26°
when Motion-Induced vs. 7.26° X 4.44° under Stationary. The differ-
ence persists at Far (Motion-Induced 13.83° X 9.76° vs. Stationary:
9.03° X 5.21°). Moreover, GazePinch is the largest, and GazeTune is
the smallest. Under Motion-Induced, GazePinch yields the largest
dispersion at all amplitudes, while GazeTune is consistently the
smallest. The same ordering holds for Stationary (e.g., GazeTune
at Far 4.41° x 3.13°). In addition, ellipse sizes generally increase
toward Far. For GazeTap, ellipse size grows from Near—Mid—Far
in both contexts. GazePinch increases horizontally with amplitude
under Motion-Induced while its vertical extent peaks at Mid. Finally,
we consistently observe that horizontal exceeds vertical and SD
varies. In Motion-Induced-GazePinch at Far aspect ratio was 1.42
(13.83/9.76). In Stationary-GazeTune at Near, it was 1.89 (6.11/3.23).
This indicates a stronger horizontal error component. Regarding the
SD, Motion-Induced with GazePinch shows the largest variability,
whereas GazeTune under Stationary is comparatively stable.

5.3 Task Load

For Stationary, we observed differences mainly in physical load.
GazePinch is perceived as more demanding on physical demand and
arm fatigue, while other factors are comparable. Physical demand
differed by technique (y?(2)=15.44, p<.001, W=.39): means were
GazeTune=3.35 < GazeTap=3.95 < GazePinch=>5.50. Post-hoc tests
indicated GazeTap < GazePinch (p=.011) and GazeTune < GazePinch
(p=.016), with no difference between GazeTap and GazeTune. Arm
fatigue showed a strong effect (y?(2)=27.38, p<.001, W=.68) with
GazeTune=1.65 < GazeTap (2.15) < GazePinch (4.35) and post-hoc
revealed GazeTap < GazePinch (p=.003) and GazeTune < GazePinch
(p<.001), while GazeTap vs. GazeTune was not significant.

For Motion-Induced, the effects of different techniques had a ma-
jor impact, reaching significance for Physical demand (y?(2) =
25.14, p < .001, W = .63), Temporal demand ()(2(2) = 18.38,
p < .001, W = .46), Performance (y*(2) = 17.22, p < .001, W = .43),
Effort (?(2) = 13.00, p = .002, W = .33), Frustration (y(2) = 19.54,
p < .001, W = .49), Eye Fatigue (y*(2) = 10.78, p = .005, W = .27),
Arm Fatigue (y*(2) = 25.49, p < .001, W = .64) while Mental
demand was not significant. During Motion-Induced, technique
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Figure 8: Use case scenarios of GazeTune.

differences broaden and intensify. A consistent pattern across Ef-
fort/Frustration/Physical/Temporal is GazeTap < GazePinch < Gaze-
Tune (lower workload for GazeTap, highest for GazeTune), while
Performance favors GazeTune best.

5.4 Summary

In this section, we summarize the key findings for each metric.
Details of the user feedback are provided in the Appendix A. For
Dropping Error, GazeTune consistently reduced errors relative to
GazeTap and GazePinch across contexts and amplitudes. While
GazePinch enabled more accurate drops than GazeTap in Stationary,
GazePinch showed a higher error angle in Motion-Induced. In com-
parison, GazeTune was more resilient than arm movement dragging
in mobile conditions, confirming the achievements of our design
goals (precision under mobility). About Task Completion Time,
GazeTap was the fastest overall, while GazeTune became compara-
ble to GazePinch under Motion-Induced without large time penalties
in mobile use. For shorter amplitudes, GazeTap was more advan-
tageous, but the difference diminished as the amplitude increased.
Regarding Selection Time, GazeTune was slower than GazePinch
at shorter amplitudes. Because GazeTune does not require gaze
to be precisely within the target, users often place gaze coarsely
near the target and then perform additional confirmation drag with
dwell phase. For Drag&Drop Time, GazeTap was faster than both
GazePinch and GazeTune in Stationary and Motion-Induced condi-
tions. Notably, GazeTune outperformed GazePinch in the Motion-
Induced condition. In Error Rate, GazeTune shows the lower error
rate across contexts. GazePinch can be acceptable in a Stationary
environment, yet it becomes risky in Motion-Induced tasks where
drop errors surge.

6 Use Case Scenario

We illustrate how gaze-and-touch supports a unified interaction
pattern across near-far tasks that require both rapid navigation and
precise control in productivity-oriented AR (Figure 8). We further
argue that the technique supports near-far interaction by enabling
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seamless transitions between refinement within the gaze scope and
rapid repositioning outside the scope. In other words, users can
(1) acquire a target or region quickly at a distance, (2) snap the
interaction focus to the intended area, and (3) perform stable, fine-
grained adjustments within gaze scope. This consistency allows
the workflow to generalize across tasks that repeatedly alternate
between coarse navigation and precise adjustment.

Repositioning. Users first acquire the target to move with gaze
and anchor refinement. While the gaze remains within the scope,
they perform small nudges to align the object locally. When the
destination lies farther away, they shift their gaze outside the scope
to trigger snapping and then re-enter the scope to refine the final
placement with touch.

Resizing. Users gaze at and select the resize handle and create
an anchor for refinement. Within the scope, refinement supports
fine-scale tuning (e.g., matching an edge or fitting a layout). To
reach a substantially different size, users look outside the scope to
snap the scale toward a new range quickly, then return within the
scope for precise final adjustment.

Range adjustment. Users first anchor the start point and refine
it within the scope for an exact boundary. To adjust the extent
over a larger distance, they shift gaze outside the scope to snap
toward a distant candidate endpoint. They then return within the
scope to refine the endpoint precisely, enabling iterative tuning by
alternating between snapping and local refinement.

Multi-selection. Users anchor an initial item or a boundary
point and refine the selection locally within the scope. They then
expand coverage by moving the gaze outside the scope to snap the
selection window across a larger region and re-enter the scope to
refine the boundary again. This supports both precise picking and
rapid area coverage.

7 Discussion

Our findings show that combining rapid gaze acquisition with
touch-based refinement enables accurate and reliable dragging
while maintaining competitive interaction time. A key strength
of our approach is the enhanced input stability, achieved by an-
choring the cursor to the gaze position and maintaining continuous
touch contact. By anchoring the cursor, the user could reduce de-
manded attention and enable finer and more controlled adjustments.
In contrast, mid-air manipulation requires sustained arm elevation,
which is unstable and even causes the “Gorilla Arm” effect [17].
These observations indicate that combining gaze acquisition with
touch refinement could effectively balance speed and precision in
gaze-based interaction.

Balancing Efficiency and Robustness in Mobile Gaze-Driven
Interaction (RQ1). While GazeTune reduced dropping error, it in-
troduced a trade-off in initial ST, particularly for near targets. This
delay inherently stems from the interaction design, which pairs
gaze anchoring and touch refinement with a 0.3s dwell confirma-
tion. We observed that even for easy targets (3.5°), users naturally
preferred a coarse glance followed by touch adjustment rather than
relying on gaze alone. However, this slight increase in ST is out-
weighed by a reduction in DDT, especially under Motion-Induced
instability where baseline methods suffered from repeated errors.
To mitigate the initial selection delay, our system is designed to
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integrate the quick-selection capability of GazeTap. Users can flu-
idly bypass touch refinement when high precision is unnecessary.
Under Motion-Induced instability and at longer viewing amplitudes,
GazeTune provides more reliable accuracy while maintaining com-
parable completion times. This motivates a progressive engage-
ment strategy that begins with rapid gaze targeting and invokes
touch refinement when error risk is high (e.g., peripheral place-
ments). Ultimately, this approach benefits spatial computing in large
workspaces by maintaining a single, fluid workflow with localized
adjustments rather than demanding mode switching.

Cascaded Synergy of Gaze and Touch (RQ2). The consistent
performance of GazeTune under both Stationary and Motion-Induced
conditions highlights its robust control capabilities. By anchoring
the cursor before refinement and re-anchoring for larger reposi-
tioning, the interaction reduces reliance on prolonged gaze fixation
or sustained mid-air arm movement and ensures stability during
body motion. From a motor-control perspective, our cascaded in-
teraction structure includes the ballistic and homing phases of
gaze-driven pointing, where touch-based refinement stabilizes the
homing phase. This likely helps GazeTune maintain comparable
performance across near and far targets even under Motion-Induced
conditions. Furthermore, we found that touch-based refinement
offers more practical benefits during continuous post-selection ma-
nipulation than during initial target acquisition. The integration
of gaze and touch is most effective when their roles are comple-
mentary: gaze supports rapid coarse relocation, and touch enables
localized stabilization and correction. Together, these properties
suggest that GazeTune is well-suited for gaze interaction in Motion-
Induced contexts with a natural gaze-driven workflow.

Behavioral Strategies and Experience of GazeTune (RQ3).
Participants adapted quickly to GazeTune, although it was initially
less intuitive than GazeTap and GazePinch. This was primarily
due to a temporary learning curve associated with the visual split-
attention and spatial-mapping coordination required to look at a
target in 3D while moving a finger blindly across a 2D wrist-worn
interface. However, NASA-TLX results showed no significant neg-
ative impact on cognitive demand. As participants adapted easily
after a few trials, the initial attentional demand rapidly diminished.
Noticeable advantages were observed at the far-edge targets, where
small finger adjustments provided more stable placement than head
realignment. Interestingly, the average time for each measure in the
Motion-Induced condition was even slightly faster than in the Sta-
tionary condition. Users tended to stop refining once the anchored
refinement cursor reached a sufficiently accurate region, rather than
pursuing marginal improvement. In other words, the touch refine-
ment helps them reach quickly toward the target region, but they
simply do not overcorrect. Motion also introduces attention and
safety considerations that discourage aggressive micro-corrections,
leading participants to end sequences earlier.

Limitations & Future Work. For our evaluation, we limited
the mobility condition to ordinary walking speed, as continuous
manipulation is rarely required at running speeds. Although eval-
uation on a treadmill does not fully reproduce the visual motion
cues, we intentionally chose this setup to isolate continuous gait-
induced noise without self-regulated walking speed. To strengthen
generalizability, future work should examine real-world walking
scenarios (e.g., circuit-style paths [34]) or outdoor environments
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with changing visual backdrop during the movement. Also, our
current evaluation lacks a detailed temporal breakdown of the in-
teraction phases. While a DDT comparison with GazeTap (which
lacks a refinement phase) provides a rough estimate of one second
or less for GazeTune’s manual refinement, this is merely an ap-
proximation. Future work should conduct a finer-grained temporal
analysis to better understand the temporal overhead of the refine-
ment process. Additionally, our experimental procedure used fixed
blocks, so the mobility condition’s order effect was not considered.
We also fixed the UI depth at 2 m, which reflects a common spa-
tial UL but spatial computing systems deploy targets across varied
depths. Our results do not guarantee depth-invariant performance.
A promising direction is to adapt the gain of refinement to viewing
amplitude as depth increases. Additionally, our evaluation focused
on a path-anchored interface, whereas spatial interfaces can be
anchored to different reference frames (e.g., world-fixed or object-
attached). Future work should investigate the refinement behavior
under diverse anchoring conditions. In a few cases, users initiated
refinement near the edge of the smartwatch, which is a limitation
that requires restarting and constrains further adjustment. While
our single interaction sequence allowed users to reach most in-
tended positions, edge-case robustness could be further improved
by supporting a brief clutching period as an additional gaze-touch
gating mechanism that suspends touch until a new gaze anchor is
established, allowing safe finger repositioning. Another interesting
direction would be to explore surface-based interaction beyond
device-bound touch surfaces. For example, on-skin input on the
hand or upper arm could provide a larger interaction area with
the benefits of surface contact, particularly as sensing technologies
continue to improve. Finally, participants suggested system-level
enhancements, including increasing the refinement resolution (P2)
and adding additional interaction layers or dimensions (e.g., press-
based refinements; P19). These extensions could offer richer control
while retaining the fluid gaze-driven workflow.

8 Conclusion

In this paper, we introduce GazeTune, a cascaded gaze-and-touch
technique that supports precise and stable gaze-driven interaction
in XR. By offloading coarse acquisition to gaze and limiting touch to
anchored refinement, GazeTune preserves fast gaze pointing while
improving precision. Furthermore, our cascaded design enables
interaction within a single continuous sequence to minimize clutch-
ing and reduce reliance on prolonged visual fixation. To validate
the effectiveness of GazeTune, we conducted a comparative study
against gaze-only and gaze-pinch baselines. The results indicate
that GazeTune achieved significantly lower error and maintained
consistent dropping accuracy even under Motion-Induced condi-
tions with comparable task completion time. In summary, touch
input serves as a selective trigger for minimal physical effort, ef-
fectively functioning as a precise control interface for selection
and drag & drop under physical mobility. We believe our study
highlights the potential of cascaded and state-aware input to enable
fluid and precise interaction.
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GazeTap. Participants generally described GazeTap as the easiest
and fastest technique that required minimal effort. However, many
reported frustration when aligning the cursor precisely on targets
and expressed lower confidence in the final placement. To compen-
sate, users often resorted to subtle head movements or tensing their
eyes for fine alignment. For example, P18 noted, “Staring at a single
target made my eyes tired,” and P20 added, ‘T had to stare and try not
to blink, so my eyes got tired.” Several participants also remarked
that while gaze quickly brought the cursor in the right direction,
achieving precision was difficult (e.g., P9: ‘T often moved my head
to line things up.”).

GazePinch. In a Stationary, GazePinch was perceived as natural
and direct, even for participants without prior AR/VR experience,
making it feel intuitive overall. Participants highlighted arm fatigue
for GazePinch: (P5: “While it felt straightforward and ‘pretty easy’
when seated, because the simple reach-out made initial acquisition
quick. Keeping my arm extended was tiring, and I disliked using it
while Motion-Induced.”) Some also described the repeated reach-
out/re-attempt cycles as mentally taxing when they had to correct
placement. Most participants found it effortful and reported getting
tired more quickly in Motion-Induced. Several noted that when strict
accuracy was not required, they preferred pinch for its straightfor-
wardness (P7: ‘I preferred pinch when precision wasn’t critical”; P16
echoed this preference).

GazeTune. GazeTune was initially less intuitive and took longer
than GazeTap or GazePinch, but most participants reported that it
became easy to use after a few trials and was valued for its accuracy.
Several emphasized lower attentional demand: rather than holding
a rigid gaze on the target, they could refine with a finger while
maintaining a softer focus (P3: “accurate, and I don’t need to focus on
the target”). Participants also appreciated reduced head movement
and the ability to make comfortable finger adjustments even while
Motion-Induced (P2: ‘T could keep my head steady and move my
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finger comfortably”). And some participants framed it as a time
accuracy trade-off (P6: “It costs time, but I'm willing to accept that”.
P11: “The refinement gives high accuracy, but it costs time”). Once
familiar, some found it to be reliably precise, but it took a slightly
longer time (P9), while others felt it worked better than pure eye

gaze when gaze errors occurred (P20).
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