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Fig. 1. We assess continuous thumb–index pinching for hand-based XR input by evaluating (A1) a pinch

button, similar to a traditional pinch-to-click button, that activates on self-contact when pinching thumb

and index together, and (A2) a pinchable slider controlled by grasping its two handles with thumb and index,

pinching to extend or compress to the desired value, then releasing by moving off-axis. (B) We compare to

established hand-based XR inputs (direct pinch/touch and gaze- or hand raycast) and derive guidelines.

Hand-based input is widely used for interaction in Extended Reality (XR). While the most established input

techniques, direct-touch and pinch-to-click, have been extensively explored and combined with gaze- and

hand-ray casting, previous research has proposed more continuous pinching gestures to set a greater range of

values by adjusting the distance between the thumb and index finger. While promising, prior studies have not

systematically assessed the factors contributing to these input techniques and their impact on usability and

efficiency relative to established techniques. We address this gap by systematically combining and comparing

selection (direct, by gaze, and by ray-casting) and manipulation methods (touch, pinch-to-click, and continuous

pinching) to understand effective hand-based input techniques in XR. To this end, we transfer the concept of

continuous thumb-index pinching to XR and present the results of a controlled experiment comparing it with

established hand-based XR input.
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1 Introduction
In Extended Reality (XR), a body of work has explored hand-based input methods, such as direct

touch [56], pinch-to-click [47], and gaze-supported interactions [58]. In addition to these established

input methods, research proposed approaches that make increasing use of the dexterity of the

human hand, ranging from on-finger [29] and thumb-to-finger interactions [14, 15, 29, 69] to micro-

[8, 66] and two-handed gestures [43, 53]. Among these, recent work [61] has demonstrated that

continuous thumb-index pinching, where the distance between the thumb and index finger serves as

a continuous input, is a promising, general hand-based input method that enables millimeter-level

granularity. Yet, they have only investigated thumb-index pinching in a distant setup with a linear

scale on a display. Thus, it remains unclear how this promising method translates to XR input and

how well it performs compared to established XR input methods.

Existing work on pinching and hand-based XR input addresses only parts of this problem space.

Prior XR research has mainly treated pinch-to-click as a binary trigger for selection or manipulation,

often in combination with direct touch, gaze, or raycasting, but without exploiting intermediate

thumb-index states. Conversely, continuous thumb-index pinching has been studied on physical

or on-screen sliders in non-XR settings, focusing on tactile feedback and feasibility rather than

spatial interaction or comparison to established XR techniques. As a result, we lack (i) XR widgets

that make continuous pinching usable in typical button and slider controls, and (ii) a systematic

comparison that orthogonally varies selection and manipulation methods to understand when

continuous pinching is preferable to standard XR input techniques.

This paper compares different methods for hand-based XR input. To this end, we first transfer

the display-based, indirect thumb-index pinching from [61] to spatial XR controls. Compared to

previous work, this allows thumb-index pinching to be used either directly in situ or indirectly

via gaze selection or hand raycasting. We focus on the most common UI controls, buttons, and

sliders (see Figure 1a): While pinchable buttons are mostly equivalent to a traditional pinch-to-click

button, only serving for baseline comparison in our study, the pinchable sliders operate as follows:

inspired by the metaphor of compressing or extending a spring, users control them by grasping

two handles with their thumb and index, pinching to extend or compress to the desired value,

then releasing by moving off-axis. We then systematically compare these controls with established

hand-based XR input (see Figure 1b) by examining three selection methods – direct touch, gaze, and

hand raycasting – in combination with three manipulation methods – standard pinch, extended

index finger, and continuous thumb-index pinch.

We found that gaze-based selection paired with a standard pinch or a continuous thumb-index

pinch is more comfortable, faster, and yields lower errors and a lower workload compared to hand

raycast interactions, while direct finger touch excels for near buttons. In addition, hand raycasting,

especially when combined with finger manipulations, underperforms compared to other methods

in terms of time, workload, and comfort. Our findings offer practical guidance: (1) designers of

hand-based XR interfaces should opt for a combination of gaze with a pinch manipulation for

distant or precision-sensitive controls, (2) keep direct finger touch for proximal discrete actions,

and (3) deprioritize hand raycast as a common selection method.
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In summary, this paper makes three contributions:

(1) XR-adapted continuous pinching input: We introduce pinchable buttons and sliders that map

continuous thumb-index distance to discrete and continuous XR controls and can be used

both in situ and at a distance (via gaze or hand raycast).

(2) A systematic 3 × 3 comparison of hand-based XR input techniques: In a controlled experi-

ment with 18 participants, we orthogonally vary selection (direct, gaze, hand raycast) and

manipulation (finger, pinch, continuous pinch) for both buttons and sliders.

(3) Design guidelines for hand-based XR input: Based on accuracy, time, workload, usability,

comfort, and occlusion, we derive guidelines that show when to prefer gaze-plus-pinch for

distant or precision-sensitive controls, when to keep direct finger touch for near buttons, and

when to deprioritize hand raycast as a selection method.

2 Related Work
Our work builds on previous research on hand-based gestures, direct touch, pinching interaction,

and indirect interaction using raycasting and eye gaze.

2.1 Hand-Based Gestures
Hand-based gestures are a widely used interaction modality in XR, enabling intuitive, immersive

user experiences without requiring participants to hold additional devices. Hence, they have been

used for a wide range of settings, including surface computing [44, 78, 80], televisions [12, 83],

and automotive interfaces [57]. Hand-based gestures have also been evaluated extensively as an

interaction modality in XR [15, 53, 62, 70]. Specifically, mid-air hand-based gestures have been

proposed to enable interaction with virtual elements in XR [73]. The design space of mid-air gestures

is large, and many variations have been presented, ranging from shortcuts for tool selection and

usage in a 3D interaction. [45, 70], and hand-based pointing selection techniques specifically

targeting target selection in dense VR environments [67] to a condensed set of mid-air gestures [28]

and investigations of their social implications [33, 41].

While previous work conducted further research into variations of mid-air gestures, including

two-handed gestures [43, 53] and microgestures [8, 66], research has also started to investigate

thumb-to-finger gestures [14, 15, 29, 69], utilizing the dexterity of the human hand.

2.2 Touch and Pinching
A simple method for manipulating UI elements in space is using a single finger, often called

direct touch. This technique is widely employed on touch-enabled devices for interacting with

interface elements [65], text entry [10, 19, 20], and performing gestures [6, 21]. Past research has

also investigated ways to distinguish between different fingers [11] and finger elements [24]. This

approach is utilized in XR for mid-air interactions [35, 76]. Pinching gestures refer to thumb-to-

finger interactions in which the user varies the distance between the thumb and one or more fingers,

typically the index finger. It is particularly well recognizable by common capturing technologies.

Originating in early touch-based interfaces [2, 36, 78], pinching gestures, often associated with

zooming in or out on a touchscreen, were popularized with the rise of multitouch devices following

the introduction of the first iPhone. Since then, researchers used pinching in navigation [7, 23, 59, 60],

item selection and manipulation [50, 76], fabric interactions [22, 32, 52] and in XR [47]. It has been

demonstrated that pinching is an intuitive [2] and comfortable [16, 29] gesture to perform. In XR,

pinching is frequently combined with hand movements to expand input possibilities, such as for

sliding [76], scrolling [23], panning [60], text input [31], precise selection via magnification [85], or

performing two-handed 3D manipulations [7]. Pinching gestures can also be paired with selection
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based on raycasting or gaze detection for interaction [5, 34, 55]. In today’s XR systems, pinching is

typically used as an interaction similar to a mouse click, where the system only recognizes whether

the pinch is closed (i.e., thumb and index finger touching) or open (i.e., thumb and index finger

apart) without accounting for intermediate states.

Recent work [61] demonstrated that continuous thumb-index pinching is a promising, generalized

input technique, offering a fine-grained input space between thumb and index finger on a linear

on-screen scale, and explores the role of tactile feedback for this modality. However, their study is

conducted outside XR, uses a single eyes-free 1D task, and does not compare with other hand-based

XR techniques. In contrast, we treat continuous thumb–index pinching as a hand-based XR input

method that must compete and combine with direct touch, binary pinch-to-click, and gaze- or

ray-based selection. Our work, therefore, focuses on (i) integrating continuous pinching into spatial

XR widgets (buttons and sliders) and (ii) systematically quantifying its performance and user

experience relative to established XR techniques.

2.3 Distant Input using Raycasting and Eye Gaze
Raycasting was first introduced by Mine et al. [42] as a method to overcome the challenge of

interacting with objects beyond reach in large XR environments constrained by physical limits.

Raycasting involves projecting a visual or invisible beam from the user’s hand [4, 5, 42], finger

[1], or controller [18, 39, 51, 77], which dynamically adapts to changes in orientation and position.

Virtual objects that intersect with the ray cast are then marked for selection. Previous researchers

confirmed raycasting as intuitive [47, 71], efficient [77], and demands minimal physical effort

[4]. However, raycasting is affected by imprecision, mainly due to jitter [55] and the Heisenberg

effect [5], which can occur when the same device or body part is used for both aiming the ray

and confirming the selection. These issues become more pronounced as the distance to the target

increases. Further work regarding confirming ray cast selection using button presses [18, 39] or

gestures [1, 55] has been presented in the past to modify discrete (e.g., button press) and continuous

values (e.g., slider values). Previous research also investigated the use of gaze input [9, 30, 42, 55],

where eye gaze is employed to select targets and hand gestures such as pinching to confirm a

selection to avoid the Midas Touch Problem [30, 55]. Gaze-based interaction can be quick, require

little physical effort [55, 68, 75, 84], and can mitigate the Gorilla Arm Effect by allowing the arm

to rest on the lap or hang naturally while standing. However, it is constrained by human visual

capabilities. Accurately pointing at objects, especially small or distant ones, can be challenging

when using eye tracking [55]. This difficulty can be addressed through target snapping techniques

[54, 64] or gaze-hand alignment [74]. Compared to hand-based raycasting, gaze-based pointing

methods are less effective in speed, ease, and controllability [51]. In summary, prior work has

explored (a) direct mid-air gestures and touch-like input in XR, (b) binary pinch-to-click combined

with gaze or hand raycasting, and (c) continuous thumb–index pinching on non-XR displays.

However, these lines of work have not been brought together: existing studies do not systematically

disentangle selection (direct, gaze, raycast) from manipulation (finger, binary pinch, continuous

pinch) for common XR widgets, nor do they assess continuous thumb-index pinching as one option

within that broader design space. This motivates our experimental comparison of nine hand-based

input techniques and the resulting design guidelines for XR interfaces.

3 Transferring Continuous Thumb-Index Pinching to Extended Reality
This paper compares the performance of continuous thumb–index pinching relative to established

hand-based XR input techniques. Because prior work examined this gesture only on a linear on-

screen scale (cf. [61]), we first need to transfer this interaction technique to Extended Reality (XR).

Specifically, we designed a spatially deployable visual UI control that enables principled comparison
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across input methods. Beyond serving as experimental apparatus, these controls are generic XR

widgets: They require only commodity hand tracking, can be instantiated at arbitrary positions

in 3D space, and support both in-situ and distant interaction. We therefore present the pinchable

button and slider as reusable building blocks for XR interfaces that wish to exploit continuous

thumb-index input without additional hardware.

We intentionally focus on buttons and sliders, which are traditional UI elements that have also

been widely adopted in XR interface design. Their prevalence stems from their simplicity and

directness: buttons enable discrete actions, while sliders allow continuous adjustments (e.g., volume,

brightness). Given their foundational role in interaction design, we focus this paper on these UI

primitives that can be integrated into more complex XR user interfaces. In the following, we explain

the functionality of the pinchable button and the pinchable slider.

3.1 Pinchable Button
This button is mostly equivalent to conventional discrete buttons activated via a standard pinch-

to-click. Yet, it necessitates a complete, more deliberate pinching motion between two fingers

to activate (see Figure 1a1). This adds a more intentional physical action, reducing accidental

activations and ensuring that users engage more consciously with the interface. We included the

button to serve as a baseline condition to support comparative evaluation across different selection

and manipulation techniques.

More specifically, the pinchable button operates as follows. As the user approaches the button

in the spatial interface with their thumb and index finger pinched apart, the button snaps to the

relative distance of their fingertips. The user can gradually decrease the distance between their

fingers to move the button toward its “on” state. Once the pinching distance crosses a predefined

threshold, the button is activated, indicated by a color change.

3.2 Pinchable Slider
This slider modifies a traditional 1D slider to utilize continuous thumb-index pinching (see Fig-

ure 1a2). We designed it as a cylindrical element with handles on either side, resembling the handles

of a pair of scissors that people grab to pinch them together or move them apart.

The pinchable slider operates as follows: the user approaches the slider in the interface and

grasps both handles with their fingers. The slider value is adjusted by pinching the handles closer

together or pulling them apart, similar to compressing or stretching a spring. The distance between

the thumb and index finger dynamically determines the value, making it a one-degree-of-freedom

system. This means that both fingers were tracked independently, and the slider handles were

dynamically anchored to their positions whenever the user approached them. Once the desired

value is set, the user releases the slider perpendicular to its orientation.

Additionally, the pinchable slider supports intuitive manipulation beyond simple value adjust-

ments, reducing the user’s need to keep their hand stationary or in an awkward posture: The

handles can be grabbed to reposition or rotate the slider, enabling users to adjust its orientation to a

more comfortable hand position. For this, the entire slider is always aligned to the midpoint between

the thumb and index, keeping it symmetric at all times, preventing either side from extending

farther than the other, and avoiding direction-based asymmetries.

3.3 Extending Both to Distant Interactions
Both pinchable buttons and sliders are not confined to direct interactions in which the user engages

with the UI element in place. It can be readily adapted for indirect, distant interaction styles, that, for

instance, employ gaze- or hand-based ray casting. In these cases, pinchable buttons and sliders can

still be controlled with the same thumb-index pinching gesture. To further assist the user, virtual
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representations of their fingers can be incorporated directly within the UI, providing real-time

guidance during interaction. The following user study explicitly investigates how both controls

can be used directly and indirectly, via gaze or hand raycast selection.

4 Methodology
The main contribution of this paper is to systematically evaluate the design space for hand-based

XR input, offering insights between and beyond currently established techniques. We therefore

performed a controlled experiment investigating the accuracy, efficiency, and usability of different

hand-based XR input techniques that are composed of onemeans to (1) select and then (2)manipulate

a UI control. We defined the following research questions:

RQ1 How does the selection technique of a button or slider affect the accuracy, efficiency, and

usability?

RQ2 How does the manipulation technique of a button or slider affect the accuracy, efficiency,

and usability?

RQ3 Are there interaction effects between these factors concerning accuracy, efficiency, and

usability?

4.1 Task
We employ a visual target acquisition and selection task (similar to [17, 61]): After a countdown,

either a button or a slider appeared in the participant’s frontal view. The participant was then asked

to either press a button or set a slider to a highlighted yellow target mark (see Figure 2b). Once the

participants believed they had pressed the button or set the slider correctly to the target mark, they

pressed an external clicker to finish the task.

4.2 Design
4.2.1 Independent Variables. To gain a comprehensive understanding of the factors that influence

the accuracy, efficiency, and usability of hand-based input in XR, we varied two independent

variables (see Figure 2a):

selection. How users select a UI element in XR is a significant factor influencing the overall

interaction. We therefore consider three representative selection methods with known strengths

and weaknesses to accomplish a complete space. At the level direct, participants moved their hand

directly to the spatial location of the UI control for interaction. Direct selection is precise and

familiar from touch-based interaction and controller-free hand tracking in VR, but is negatively

affected by arm fatigue and occlusion when used in mid-air or at greater distances [27, 40]. In the

level gaze, participants distantly selected the UI element to manipulate via their gaze. Gaze-based

selection has been shown to be fast and low-effort and can mitigate the Gorilla Arm effect by

allowing the arm to rest [68, 72, 84], but its accuracy is limited for small or distant targets and often

requires snapping or filtering [47, 51, 55]. In the raycast level, participants used a ray emanating

from their hands, determined by the orientation of their palms, to point at a distant UI element for

selection. Hand-based raycasting is intuitive, efficient, and widely adopted as a far-field selection

technique in VR [3, 51, 72], yet it is affected by jitter and errors such as the Heisenberg effect when

the same hand is used for aiming and confirming [81]. Together, they cover the main spectrum of

near- and far-field hand-based selection in XR.

manipulation. After selecting a UI control, manipulating its state is another influential factor for

XR interaction. Again, we informed our levels by the most commonly used techniques from related

work and tested them against our continuous pinching technique. In the level finger, participants
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Fig. 2. (a) By varying the independent variables selection and manipulation with three levels each, we

investigate a total of nine different hand-based input techniques in terms of accuracy, efficiency, and usability.

(b) Users were tasked to press buttons or align a slider to a yellow target mark. Our setup combines two Leap

Motion 2 controllers (at the HMD and below the hand) for precise hand tracking, also at the outer peripherals.

(c) The study procedure shows the process of how participants performed slider and button tasks.

manipulated the UI control using their extended index finger. Direct finger manipulation is a well-

established baseline on touch surfaces and in XR, providing high spatial precision and immediate

feedback [40, 69], but it increases visual occlusion of the target and can be physically demanding

when used in mid-air [27]. In the level pinch, participants pinched their thumb and index finger

together to grab the UI control and moved their hand to manipulate it, adopting a mouse-style

click and movement interaction (often referred to as pinch-to-click). Binary pinch is the dominant

hand-tracking equivalent of a trigger in commodity XR systems and enables low-effort discrete

control [3, 47, 55], yet it only provides on/off input and can be affected by unintentional activations

or repeated pinching fatigue [48, 49]. Finally, the level continuous-pinch consists of techniques that

employ continuous thumb-index pinching. Building on [61], it offers a fine-grained 1D input, but

has so far only been explored on a linear on-screen scale outside XR without comparison.

Rationale. We chose the selection and manipulation techniques to be representative of common

hand-based XR interfaces and to span known trade-offs in precision, effort, reach, and occlusion

(as outlined above). With our comparative evaluation, we aim to clarify these trade-offs empirically

and provide more informed design guidance for hand-based XR interfaces. We intentionally divided

between selection and manipulation techniques to also cover common interaction styles in com-

mercially available XR devices: The combination of direct and finger defines the direct-touch

interaction style, in which a finger is positioned at the spatial location of a UI control. Similarly,

combining pinch with either direct or raycast replicates the standard interaction techniques used

by many XR interfaces (such as the Microsoft HoloLens and Meta Quest). Lately, the combination

gaze and pinch, presented first by Pfeuffer et al. [55], received a lot of attention with the release of

the Apple Vision Pro, as it promises to reduce the Gorilla Arm Syndrome. By combining raycast

with pinch, our study design also incorporates an indirect approach, similar to that employed in

Meta’s HMDs, which uses ray-casting originating from the hand.

We combine selection and manipulation techniques within-subjects for a total of 3 × 3 = 9

conditions that were repeated nine times (see Figure 2c). We counterbalanced their order in a

Balanced Latin Square (3 × 3 = 9 levels, repeated twice for 18 participants). To avoid frequent

switching between UI elements that could confuse participants, we presented repetitions in blocks
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(randomized across participants; 9 repetitions each), resulting in 81 button and 81 slider trials per

participant (in total, 2916 trials). The average study duration was 78 minutes (SD 25 minutes).

4.2.2 Dependent Variables. We recorded the following dependent variables for each trial:

Accuracy. For sliders, we define the offset (in mm) between the target mark and the current

value upon completing a click as an accuracy measure, because it quantifies the spatial deviation

from the intended target and reflects the user’s fine motor control and precision. For buttons,

we measure press accuracy by counting whether the button was pressed at the time the click

completes.

crossings. The number of overshooting (from below) and undershooting (from above) the target

mark, where overshooting is defined as when the user’s input exceeds the target mark beyond

the upper boundary, and undershooting is defined as when the user’s input falls below the lower

boundary of the target mark. This variable captures the total deviation from the desired target

mark, reflecting both the magnitude and frequency of errors.

task completion time. The time between the click to display the task and the click to complete.

This variable reflects how quickly and effectively users can understand and accomplish the task,

which is crucial for assessing overall usability and optimizing interface design.

NASA Task Load Index & System Usability Scale. To assess task load and usability, participants

also completed two standardized questionnaires, the NASA Task Load Index (NASA-TLX) [25, 26]

and the System Usability Scale (SUS) [37] after each trial. They provide a validated and multidimen-

sional assessment of perceived task load and overall system usability, helping to capture subjective

user experience and cognitive workload that are essential for understanding task difficulty and

user satisfaction comprehensively, instead of relying on quantitative feedback.

Custom Questions. Perceived comfort and potential visual obstruction are additional factors that

potentially influence the user experience. Therefore, we also asked participants custom questions

about comfort during interaction and whether they felt that their hands occluded the visuals (both

on a 5-point Likert scale).

4.3 Study Setup and Apparatus
The study setup (see Figure 2b) was as follows:We employ aMeta Quest Pro (with Unity 2021.03.26f1)

connected to a computer with Meta Link. To provide a reliable estimate with low latency, we decided

to track the hand using two faster, more accurate Leap Motion 2 controllers (LM2Cs) rather than

the Meta Quest Pro’s embedded hand-tracking. While the pinchable controls themselves require

only commodity hand tracking and run on the headset’s built-in sensors, we use external LM2Cs in

this study to isolate the effects of input technique from tracking-quality artifacts. The experimental

setup is therefore a controlled measurement choice and not a hardware requirement of the controls.

One LM2C was mounted on the HMD, and the other faced upward from below to track hands when

they were likely hanging down for gaze and raycast. We calibrated the coordinate systems of the

two LM2Cs and the HMD using a Meta Quest Pro controller fixated at a constant distance from

the lower LM2C. Participants held an external clicker in their non-dominant hand to signal the

completion of a trial.

4.4 Procedure
After welcoming our participants, each session commenced with handing out an informed consent

form signed by the participants (see Figure 2c). We then verbally explained the experimental

procedure and addressed any questions.
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Subsequently, the participant was asked to stand in front of a bar table equipped with the

HMD and an external clicker in their non-dominant hand. Participants found themselves in a grey,

monochromatic space with a floating panel positioned 30 cm in front of their heads. The panel

displayed a small text, which the participants were instructed to read aloud to ensure the HMD

was correctly positioned and their vision was not blurred. Below the text, an image showed a hand

performing a pinching pose. Participants were asked to replicate this pose with the largest possible

pinch span that still felt comfortable. This pinch span was then saved internally as the maximum

comfortable pinch span. This information was used to transform all slider values into an absolute

coordinate system for analysis. For slider and button trials in which manipulation was either

gaze or raycast, the panels were placed 200 cm apart so participants with typical arm reach (ca.

80 cm) and step length (ca. 80 cm) could not easily access the controls in a single motion. To avoid

differences in occlusion, we appropriately scaled up to ensure the UI control appeared identically

sized for direct and indirect interactions. Participants then proceeded with the nine conditions for

sliders and buttons (order randomized between participants). Each was identical in structure but

employed a different combination of manipulation and selection.

4.4.1 Slider Trials. Each block began with a tutorial trial, during which a panel featuring the

relevant slider and button appeared in front of the participant for them to interact with. Adjacent to

the panel was a text description explaining how to use the UI elements, accompanied by a looping

tutorial video. Once the participants felt ready, they pressed the external clicker for the first time to

initiate nine slider trials.

Participants were instructed to position their hand in a neutral position, indicated by a blue

hand at the same location for all participants, to ensure consistent measurements. They then had

to direct their gaze to a neutral position by looking at a panel displaying a short countdown above

the interaction panel. This countdown was reset if they looked away too early, prompting them

to do it again. When the countdown completed, the slider appeared with a yellow target mark

indicating the value the participant needed to set. This marks the beginning of the trial (used for

task completion time). A blue border around the UI control indicated to the participant that it was

actively selected (especially relevant for gaze and raycast). Once the participants were confident

they had set the slider correctly to the target, they pressed the external clicker for a second time

to finish the trial. This marks the end of the trial (used for task completion time). In addition to

using the external clicker to signal readiness at the beginning and end of each trial, participants

interacted solely through the assigned combination of selection and manipulation methods.

For the repetitions, the target marks were randomly distributed as follows to avoid a skew in the

number of crossings or the task completion times: Each of the nine slider trials in a block received

a random value from one of three value zones (inclusive): low (20%-39%), middle (40%-59%), and

high (60%-80%). Each value zone was used three times per block, ensuring an equal distribution of

values across the entire range of the slider. Participants completed post-condition questionnaires

virtually after all trials of a single condition.

4.4.2 Button Trials. Participants then continued with a set of nine button trials. These trials were

structured similarly to the slider trials, starting with a tutorial and then requiring the participant to

position their hand and gaze in a neutral position at the start of each trial. The button appeared

after the same countdown, and the participant was instructed to press it. Regardless of whether the

button was pressed, the trial concluded when the participant pressed the external clicker in their

hand. After the final button trial was completed, the same virtual questionnaire appeared.

Between trials, participants were asked to relax their arms to reduce fatigue. After completing all

nine conditions, participants answered a final post-study questionnaire regarding their professional

background, vision impairments, VR experience, and any general comments.
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4.5 Participants
In line with related work (cf. [46, 61]), we recruited 18 participants (10 male, 7 female, 1 identified

as gender variant/non-conforming), aged between 20 and 31 (𝑀 = 24.72, 𝑆𝐷 = 2.8). 15 participants

reported being right-handed, and 3 reported being left-handed. Six participants had no prior

experience with virtual reality; eight had used it infrequently (1–5 times per year); one had moderate

experience (6–10 times per year); and three were regular users (>10 times per year). All participants

voluntarily participated in the study and received compensation.

4.6 Analysis
Unless otherwise indicated, we analyzed the recorded data using two-way repeated-measures

ANOVAs with the factors selection and manipulation to identify significant effects. We tested

the data for normality using Shapiro-Wilk’s test.When indicating a severe deviation, we transformed

the data (reciprocal transformation for task completion times, log transformation for offset). When

Mauchly’s test indicated a violation of the sphericity assumption, we corrected the tests using

the Greenhouse-Geisser method. When the RM ANOVA indicated significant results, we used

Holm-Bonferroni-corrected pairwise t-tests for post hoc analysis. We also report the generalized

eta-squared 𝜂2
𝐺
as an estimate of the effect size when appropriate. Further, as an estimate of the mean

response of the individual factors, we report, whenever applicable, the Estimated Marginal Means

with 95% confidence intervals as proposed by Searle et al. [63] (denoted as 𝑀𝐸 in the following).

For the analysis of the questionnaires, we performed an Aligned Rank Transformation (ART) as

proposed by Elkin et al. [13] and Wobbrock et al. [79], and report the means and standard deviation

(denoted with𝑀 and 𝑆𝐷).

5 Results
This section reports the results of the study. To enhance readability and focus on the most relevant

findings, we report only statistically significant effects.

5.1 Accuracy
In terms of accuracy, we distinguish between sliders and buttons. For sliders, we define accuracy as

the offset between the target mark and the user value. For buttons, we measured press accuracy

as the number of times a button was actually pressed when the participant triggered the clicker.
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Fig. 3. The offset when setting the target mark for all slider tasks (left) and the button accuracy (right) for

the different manipulation and selection techniques.
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Table 1. Main and interaction effects with significant post-hoc results for offset (slider accuracy).

Effect df F 𝜂2
𝐺

p

selection 1.81, 30.77 6.11 0.05 <0.01

▶ Post-hocs: gaze (𝑀𝐸 = 1.35mm [1.09mm, 1.68mm]) < direct (𝑀𝐸 = 1.79mm [1.36mm, 2.36mm]) <0.05

gaze (𝑀𝐸 = 1.35mm [1.09mm, 1.68mm]) < raycast (𝑀𝐸 = 1.82mm [1.55mm, 2.13mm]) <0.01

Interaction 2.98, 50.61 3.55 0.03 <0.05

▶ Post-hocs: For finger: gaze (𝑀𝐸 = 1.23mm [0.84mm, 1.8mm]) < direct (𝑀𝐸 = 2.23mm [1.64mm, 3.03mm]) <0.05

For finger: gaze (𝑀𝐸 = 1.23mm [0.84mm, 1.8mm]) < raycast (𝑀𝐸 = 2.23mm [1.77mm, 2.82mm]) <0.05

gaze ⊕ pinch (𝑀𝐸 = 1.45mm [1.11mm, 1.9mm]) < raycast ⊕ finger (𝑀𝐸 = 2.23mm [1.77mm, 2.82mm]) <0.05

Slider Accuracy. As depicted in Figure 3a, we found values for offset ranging from𝑀 = 2.17𝑚𝑚,

𝑆𝐷 = 1.86𝑚𝑚 (raycast ⊕ continuous-pinch) to𝑀 = 3.27𝑚𝑚, 𝑆𝐷 = 2.73𝑚𝑚 (direct ⊕ finger).

We report all significant main and interaction effects in Table 1.

Button Accuracy. To predict this binomial data, we employ a logistic mixed model (estimated

with BOBYQA optimizer) with the fixed effects selection and manipulation and the participant

as a random effect. As depicted in Figure 3b, we measured press accuracies ranging from𝑀 = 84.6%,

𝑆𝐷 = 36.2% (raycast ⊕ finger) to𝑀 = 88.9%, 𝑆𝐷 = 31.5% (direct ⊕ continuous-pinch), but did

not find any significant effect.

5.2 Slider Crossings
To better understand the challenge of hitting the target mark for sliders, we measured the number

of crossings (defined as the instances of completely undershooting or overshooting the target mark).

For statistical analysis, we fitted Poisson regression models (estimated with BOBYQA optimizer)

with the fixed effects selection and manipulation and the participant as a random effect. We

applied Type III Wald chi-square tests for significance testing and report the incidence rate ratios

(IRRs) as an effect size for all significant contrasts.

As depicted in Figure 4, we found that the number of crossings ranges between conditions

from 𝑀 = 1.74, 𝑆𝐷 = 1.70 (raycast ⊕ continuous-pinch) to 𝑀 = 3.91, 𝑆𝐷 = 3.21 (gaze ⊕
continuous-pinch). We report all significant main and interaction effects in Table 2.
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Fig. 4. The number of crossings (over- and undershooting the target mark) for all slider tasks for the different

manipulation and selection techniques.
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Table 2. Main and interaction effects with significant post-hoc results for slider crossings.

Effect df 𝜒2 p IRR

selection 2 16.036 <0.001 –

▶ Post-hocs: none

Interaction 4 179.136 <0.001 –

▶ Post-hocs: For pinch: direct (𝑀𝐸 = 2.48 [2.08, 2.97]) > gaze (𝑀𝐸 = 1.97 [1.65, 2.39]) <0.05 1.25

For continuous-pinch: direct (𝑀𝐸 = 2.27 [1.88, 2.72]) < gaze (𝑀𝐸 = 3.74 [3.16, 4.44]) <0.001 0.61

For continuous-pinch: direct (𝑀𝐸 = 2.27 [1.88, 2.72]) > raycast (𝑀𝐸 = 1.67 [1.36, 2.01]) <0.01 1.36

For continuous-pinch: gaze (𝑀𝐸 = 3.74 [3.16, 4.44]) > raycast (𝑀𝐸 = 1.67 [1.36, 2.01]) <0.001 2.25

For finger: direct (𝑀𝐸 = 2.23 [1.86, 2.66]) < raycast (𝑀𝐸 = 2.89 [2.44, 3.46]) <0.01 0.77

For finger: gaze (𝑀𝐸 = 2.01 [1.68, 2.41])< raycast (𝑀𝐸 = 2.89 [2.44, 3.46]) <0.001 0.7

gaze ⊕ pinch (𝑀𝐸 = 1.97 [1.65, 2.39]) < raycast ⊕ pinch (𝑀𝐸 = 2.61 [2.18, 3.13]) <0.01 0.76

gaze ⊕ pinch (𝑀𝐸 = 1.97 [1.65, 2.39]) < gaze ⊕ continuous-pinch (𝑀𝐸 = 3.74 [3.16, 4.44]) <0.001 0.53

gaze ⊕ pinch (𝑀𝐸 = 1.97 [1.65, 2.39]) < raycast ⊕ finger (𝑀𝐸 = 2.89 [2.44, 3.46]) <0.001 0.69

gaze ⊕ continuous-pinch (𝑀𝐸 = 3.74 [3.16, 4.44]) > direct ⊕ finger (𝑀𝐸 = 2.23 [1.86, 2.66]) <0.001 1.68

gaze ⊕ continuous-pinch (𝑀𝐸 = 3.74 [3.16, 4.44]) > gaze ⊕ finger (𝑀𝐸 = 2.01 [1.68, 2.41]) <0.001 1.85

gaze ⊕ continuous-pinch (𝑀𝐸 = 3.74 [3.16, 4.44]) > raycast ⊕ finger (𝑀𝐸 = 2.89 [2.44, 3.46]) <0.001 1.29

raycast ⊕ pinch (𝑀𝐸 = 2.61 [2.18, 3.13]) > raycast ⊕ continuous-pinch (𝑀𝐸 = 1.67 [1.36, 2.01]) <0.001 0.7

raycast ⊕ pinch (𝑀𝐸 = 2.61 [2.18, 3.13]) > gaze ⊕ finger (𝑀𝐸 = 2.01 [1.68, 2.41]) <0.001 1.3

raycast ⊕ continuous-pinch (𝑀𝐸 = 1.67 [1.36, 2.01]) < direct ⊕ finger (𝑀𝐸 = 2.23 [1.86, 2.66]) <0.01 0.75

raycast ⊕ continuous-pinch (𝑀𝐸 = 1.67 [1.36, 2.01]) < raycast ⊕ finger (𝑀𝐸 = 2.89 [2.44, 3.46]) <0.01 0.57

5.3 Task Completion Time
To measure participants’ efficiency, we recorded task completion time (TCT) as the time between

clicking to start and confirming to end a trial.

Slider TCT. As shown in Figure 5, we found task completion times for the slider task that range

from 𝑀 = 3.03𝑠 , 𝑆𝐷 = 1.40𝑠 (gaze ⊕ continuous-pinch) to 𝑀 = 4.56𝑠 , 𝑆𝐷 = 2.57𝑠 (raycast ⊕
finger). We report all significant main and interaction effects in Table 3 (top).

Button TCT. As shown in Figure 5, we found task completion times for the button task that range

from𝑀 = 1.84𝑠 , 𝑆𝐷 = 1.18𝑠 (direct ⊕ finger) to𝑀 = 3.44𝑠 , 𝑆𝐷 = 1.87𝑠 (raycast ⊕ finger). We

report all significant main and interaction effects in Table 3 (bottom).
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Table 3. Effects with significant post-hoc results for task completion time of slider (top) and button (bottom).

Effect df F 𝜂2
𝐺

p

selection 1.82, 30.97 5.14 0.05 <0.01

▶ Post-hocs: raycast (𝑀𝐸 = 3.38s [3.79s, 3.04s]) > direct (𝑀𝐸 = 2.93s [3.42s, 2.56s]) <0.05

raycast (𝑀𝐸 = 3.38s [3.79s, 3.04s]) > gaze (𝑀𝐸 = 2.99s [3.34s, 2.71s]) <0.05

Interaction 3, 51.02 10.2 0.1 <0.001

▶ Post-hocs: For direct: continuous-pinch (𝑀𝐸 = 3.49s [4.16s, 3.01s]) > pinch (𝑀𝐸 = 2.78s [3.24s, 2.42s]) <0.01

For direct: continuous-pinch (𝑀𝐸 = 3.49s [4.16s, 3.01s]) > finger (𝑀𝐸 = 2.65s [3.19s, 2.27s]) <0.01

For raycast: finger (𝑀𝐸 = 3.58s [4.46s, 2.99s]) > pinch (𝑀𝐸 = 2.78s [3.24s, 2.42s]) <0.05

For raycast: finger (𝑀𝐸 = 3.58s [4.46s, 2.99s]) > continuous-pinch (𝑀𝐸 = 2.65s [3.19s, 2.27s]) <0.01

gaze ⊕ continuous-pinch (𝑀𝐸 = 2.67s [2.99s, 2.4s]) < raycast ⊕ pinch (𝑀𝐸 = 3.3s [3.69s, 2.98s]) <0.05

selection 1.99, 29.84 22.3 0.25 <0.001

▶ Post-hocs: direct (𝑀𝐸 = 1.83s [2.12s, 1.62s]) > gaze (𝑀𝐸 = 1.53s [1.71s, 1.39s]) <0.05

raycast (𝑀𝐸 = 2.25s [2.5s, 2.05s]) > direct (𝑀𝐸 = 1.83s [2.12s, 1.62s]) <0.05

raycast (𝑀𝐸 = 2.25s [2.5s, 2.05s]) > gaze (𝑀𝐸 = 1.53s [1.71s, 1.39s]) <0.01

Interaction 3.26, 48.94 14.91 0.23 <0.001

▶ Post-hocs: direct ⊕ pinch (𝑀𝐸 = 1.91s [2.18s, 1.7s]) > gaze ⊕ continuous-pinch (𝑀𝐸 = 1.45s [1.7s, 1.27s]) <0.05

direct ⊕ pinch (𝑀𝐸 = 1.91s [2.18s, 1.7s]) > direct ⊕ finger (𝑀𝐸 = 1.44s [1.73s, 1.23s]) <0.05

direct ⊕ pinch (𝑀𝐸 = 1.91s [2.18s, 1.7s]) < raycast ⊕ finger (𝑀𝐸 = 2.74s [3.21s, 2.39s]) <0.05

gaze ⊕ pinch (𝑀𝐸 = 1.48s [1.74s, 1.29s]) < raycast ⊕ pinch (𝑀𝐸 = 2.28s [2.57s, 2.04s]) <0.01

gaze ⊕ pinch (𝑀𝐸 = 1.48s [1.74s, 1.29s]) < direct ⊕ continuous-pinch (𝑀𝐸 = 2.38s [2.88s, 2.03s]) <0.01

gaze ⊕ pinch (𝑀𝐸 = 1.48s [1.74s, 1.29s]) < raycast ⊕ finger (𝑀𝐸 = 2.74s [3.21s, 2.39s]) <0.01

gaze ⊕ continuous-pinch (𝑀𝐸 = 1.45s [1.7s, 1.27s]) < direct ⊕ continuous-pinch (𝑀𝐸 = 2.38s [2.88s, 2.03s]) <0.05

gaze ⊕ continuous-pinch (𝑀𝐸 = 1.45s [1.7s, 1.27s]) < raycast ⊕ finger (𝑀𝐸 = 2.74s [3.21s, 2.39s]) <0.01

direct ⊕ continuous-pinch (𝑀𝐸 = 2.38s [2.88s, 2.03s]) > direct ⊕ finger (𝑀𝐸 = 1.44s [1.73s, 1.23s]) <0.01

direct ⊕ continuous-pinch (𝑀𝐸 = 2.38s [2.88s, 2.03s]) > gaze ⊕ finger (𝑀𝐸 = 1.69s [1.91s, 1.51s]) <0.01

raycast ⊕ pinch (𝑀𝐸 = 2.28s [2.57s, 2.04s]) > direct ⊕ finger (𝑀𝐸 = 1.44s [1.73s, 1.23s]) <0.05

raycast ⊕ pinch (𝑀𝐸 = 2.28s [2.57s, 2.04s]) > gaze ⊕ finger (𝑀𝐸 = 1.69s [1.91s, 1.51s]) <0.01

raycast ⊕ finger (𝑀𝐸 = 2.74s [3.21s, 2.39s]) > direct ⊕ finger (𝑀𝐸 = 1.44s [1.73s, 1.23s]) <0.05

raycast ⊕ finger (𝑀𝐸 = 2.74s [3.21s, 2.39s]) > raycast ⊕ continuous-pinch (𝑀𝐸 = 1.9s [2.19s, 1.68s]) <0.01

raycast ⊕ finger (𝑀𝐸 = 2.74s [3.21s, 2.39s]) > gaze ⊕ finger (𝑀𝐸 = 1.69s [1.91s, 1.51s]) <0.01

5.4 NASA Task Load Index
As depicted in Figure 6, we found overall NASA-TLX scores ranging from 𝑀 = 21.4, 𝑆𝐷 = 18.2

(gaze ⊕ continuous-pinch) to𝑀 = 48.2, 𝑆𝐷 = 28.9 (raycast ⊕ finger) to assess task load. We

report the result of the statistical analysis in Table 4. Individual TLX items can be found in Table 7.
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Fig. 6. The NASA-TLX scores for the different manipulation and selection techniques.
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Table 4. Main and interaction effects with significant post-hoc comparisons for tlx score (we report the

mean and standard deviation in brackets).

Effect df F & η2 p

selection 2, 34 10.64 & 0.385 <0.001

▶ Post-hocs: raycast (𝑀 = 34.4, 𝑆𝐷 = 17.4) > gaze (𝑀 = 25.8, 𝑆𝐷 = 14.6) <<0.001

raycast (𝑀 = 34.4, 𝑆𝐷 = 17.4) > direct (𝑀 = 28.4, 𝑆𝐷 = 13) <<0.001

manipulation 2, 34 27.91 & 0.621 <0.001

▶ Post-hocs: finger (𝑀 = 35.2, 𝑆𝐷 = 18.5) > pinch (𝑀 = 27.5, 𝑆𝐷 = 13.3) <<0.001

finger (𝑀 = 35.2, 𝑆𝐷 = 18.5) > continuous-pinch (𝑀 = 25.9, 𝑆𝐷 = 12.5) <<0.001

Interaction 4, 68 16.25 & 0.489 <0.001

▶ Post-hocs: direct ⊕ pinch (𝑀 = 30.8, 𝑆𝐷 = 14.4) > gaze ⊕ continuous-pinch (𝑀 = 21.4, 𝑆𝐷 = 11.3) <0.05

direct ⊕ continuous-pinch (𝑀 = 30.9, 𝑆𝐷 = 14.7) > gaze ⊕ continuous-pinch (𝑀 = 21.4, 𝑆𝐷 = 11.3) <0.05

raycast ⊕ finger (𝑀 = 48.2, 𝑆𝐷 = 19.4) > direct ⊕ pinch (𝑀 = 30.8, 𝑆𝐷 = 14.4) <0.01

direct ⊕ finger (𝑀 = 23.4, 𝑆𝐷 = 8.13) < gaze ⊕ finger (𝑀 = 33.8, 𝑆𝐷 = 17.1) <0.05

direct ⊕ finger (𝑀 = 23.4, 𝑆𝐷 = 8.13) < raycast ⊕ finger (𝑀 = 48.2, 𝑆𝐷 = 19.4) <0.001

gaze ⊕ pinch (𝑀 = 22.2, 𝑆𝐷 = 11.8) < gaze ⊕ finger (𝑀 = 33.8, 𝑆𝐷 = 17.1) <0.001

gaze ⊕ pinch (𝑀 = 22.2, 𝑆𝐷 = 11.8) < raycast ⊕ finger (𝑀 = 48.2, 𝑆𝐷 = 19.4) <0.01

gaze ⊕ continuous-pinch (𝑀 = 21.4, 𝑆𝐷 = 11.3) < raycast ⊕ pinch (𝑀 = 29.6, 𝑆𝐷 = 12.6) <0.05

gaze ⊕ continuous-pinch (𝑀 = 21.4, 𝑆𝐷 = 11.3) < gaze ⊕ finger (𝑀 = 33.8, 𝑆𝐷 = 17.1) <0.01

gaze ⊕ continuous-pinch (𝑀 = 21.4, 𝑆𝐷 = 11.3) < raycast ⊕ finger (𝑀 = 48.2, 𝑆𝐷 = 19.4) <0.01

raycast ⊕ finger (𝑀 = 48.2, 𝑆𝐷 = 19.4) > raycast ⊕ continuous-pinch (𝑀 = 25.5, 𝑆𝐷 = 9.91) <0.001

raycast ⊕ finger (𝑀 = 48.2, 𝑆𝐷 = 19.4) > raycast ⊕ pinch (𝑀 = 29.6, 𝑆𝐷 = 12.6) <0.001

raycast ⊕ finger (𝑀 = 48.2, 𝑆𝐷 = 19.4) > gaze ⊕ finger (𝑀 = 33.8, 𝑆𝐷 = 17.1) <0.05

5.5 System Usability Scale
As depicted in Figure 7, we found SUS scores ranging from𝑀 = 40.6, 𝑆𝐷 = 20.8 (raycast ⊕ finger)

to 𝑀 = 80.8, 𝑆𝐷 = 14.2 (gaze ⊕ pinch). We report all significant main and interaction effects in

Table 5.

Button Slider

Direct Gaze Raycast Direct Gaze Raycast
0

25

50

75

100

Selection

SU
S 

Sc
or

e

Manipulation Pinch Continuous Pinch Finger

System Usability

Fig. 7. The SUS scores for the different manipulation and selection techniques.
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Table 5. Main and interaction effects with significant post-hoc comparisons for sus score (we report the

mean and standard deviation in brackets).

Effect df F & η2 p

selection 2, 34 18.53 & 0.52 <0.001

▶ Post-hocs: raycast (𝑀 = 61.5, 𝑆𝐷 = 21) < direct (𝑀 = 73.5, 𝑆𝐷 = 14.44) <0.001

raycast (𝑀 = 61.5, 𝑆𝐷 = 21) < gaze (𝑀 = 73.5, 𝑆𝐷 = 14.44) <0.001

manipulation 2, 34 18.62 & 0.52 <0.001

▶ Post-hocs: finger (𝑀 = 60.9, 𝑆𝐷 = 23.3) < pinch (𝑀 = 74.3, 𝑆𝐷 = 13.1) <0.001

finger (𝑀 = 60.9, 𝑆𝐷 = 23.3) < continuous-pinch (𝑀 = 73.6, 𝑆𝐷 = 15.1) <0.001

Interaction 4, 68 20.84 & 0.55 <0.001

▶ Post-hocs: direct ⊕ finger (𝑀 = 80.8, 𝑆𝐷 = 10.3) > direct ⊕ continuous-pinch (𝑀 = 65.7, 𝑆𝐷 = 17.8) <0.01

direct ⊕ finger (𝑀 = 80.8, 𝑆𝐷 = 10.3) > gaze ⊕ finger (𝑀 = 61.2, 𝑆𝐷 = 21) <0.01

direct ⊕ finger (𝑀 = 80.8, 𝑆𝐷 = 10.3) > raycast ⊕ pinch (𝑀 = 68.5, 𝑆𝐷 = 15) <0.001

raycast ⊕ finger (𝑀 = 40.6, 𝑆𝐷 = 16.9) < direct ⊕ pinch (𝑀 = 74, 𝑆𝐷 = 10.2) <0.001

raycast ⊕ finger (𝑀 = 40.6, 𝑆𝐷 = 16.9) < direct ⊕ continuous-pinch (𝑀 = 65.7, 𝑆𝐷 = 17.8) <0.01

gaze ⊕ pinch (𝑀 = 80.3, 𝑆𝐷 = 11.3) > raycast ⊕ finger (𝑀 = 40.6, 𝑆𝐷 = 16.9) <0.001

gaze ⊕ pinch (𝑀 = 80.3, 𝑆𝐷 = 11.3) > gaze ⊕ finger (𝑀 = 61.2, 𝑆𝐷 = 21) <0.01

gaze ⊕ pinch (𝑀 = 80.3, 𝑆𝐷 = 11.3) > direct ⊕ continuous-pinch (𝑀 = 65.7, 𝑆𝐷 = 17.8) <0.05

gaze ⊕ continuous-pinch (𝑀 = 79.7, 𝑆𝐷 = 12) > raycast ⊕ finger (𝑀 = 40.6, 𝑆𝐷 = 16.9) <0.001

gaze ⊕ continuous-pinch (𝑀 = 79.7, 𝑆𝐷 = 12) > gaze ⊕ finger (𝑀 = 61.2, 𝑆𝐷 = 21) <0.01

gaze ⊕ continuous-pinch (𝑀 = 79.7, 𝑆𝐷 = 12) > direct ⊕ continuous-pinch (𝑀 = 65.7, 𝑆𝐷 = 17.8) <0.05

raycast ⊕ finger (𝑀 = 40.6, 𝑆𝐷 = 16.9) < gaze ⊕ finger (𝑀 = 61.2, 𝑆𝐷 = 21) <0.05

raycast ⊕ finger (𝑀 = 40.6, 𝑆𝐷 = 16.9) < raycast ⊕ pinch (𝑀 = 68.5, 𝑆𝐷 = 15) <0.001

raycast ⊕ finger (𝑀 = 40.6, 𝑆𝐷 = 16.9) < raycast ⊕ continuous-pinch (𝑀 = 75.3, 𝑆𝐷 = 12) <0.001

5.6 CustomQuestions
Comfort. We were also specifically interested in participants’ perceptions of comfort on a 5-

point Likert scale ("I felt that the interaction was comfortable"; the higher the score, the greater

the agreement). As shown in Figure 8 (left), we found values ranging from 𝑀 = 2.42, 𝑆𝐷 = 1.16

(raycast ⊕ finger) to 𝑀 = 4.14, 𝑆𝐷 = 0.76 (gaze ⊕ pinch). We report all significant main and

interaction effects in Table 6.

Occlusion. We were also specifically interested in whether the different techniques occluded the

participant’s view of the visuals on a 5-point Likert scale ("I felt my hand occluded the visuals";

the higher the score, the greater the agreement). As shown in Figure 8 (right), we found values

ranging from𝑀 = 1.67, 𝑆𝐷 = 0.76 (gaze ⊕ pinch) to𝑀 = 2.72, 𝑆𝐷 = 1.39 (direct ⊕ continuous-

pinch). The analysis indicated a significant (𝐹2,34 = 10.97, 𝑝 < 0.001) main effect of selection

on occlusion. Post-hoc tests confirmed (both p<0.01) that the perceived occlusion for direct

(𝑀 = 2.57, 𝑆𝐷 = 1.31) was significantly higher than for both gaze (𝑀 = 1.82, 𝑆𝐷 = 0.91) and

raycast (𝑀 = 1.94, 𝑆𝐷 = 0.91).

6 Discussion and Guidelines
In the following, we discuss our findings and derive guidelines for hand-based XR input.

6.1 Gaze Selection and Pinch-Based Manipulation Complement Each Other
Our findings indicate a synergy between gaze for selection and pinch-based manipulation, with

gaze yielding the lowest slider offsets on average and pinch or continuous-pinch providing strong

efficiency (see Table 1 and Table 3), low workload (see Table 4), and high perceived usability

(see Table 5) and comfort (see Table 6), especially at a distance where aiming to select and arm
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Fig. 8. Likert ratings for comfort and occlusion, subdivided by slider (top) and button tasks (bottom).

Table 6. Main and interaction effects with significant post-hoc comparisons for the custom question about

comfort.

Effect df F & η2 p

selection 2, 34 9.49 & 0.36 <0.001

▶ Post-hocs: raycast (𝑀 = 3.28, 𝑆𝐷 = 1.13) < direct (𝑀 = 3.69, 𝑆𝐷 = 0.98) <0.01

raycast (𝑀 = 3.28, 𝑆𝐷 = 1.13) < gaze (𝑀 = 3.82, 𝑆𝐷 = 0.96) <0.01

manipulation 2, 34 7.81 & 0.31 <0.01

▶ Post-hocs: finger (𝑀 = 3.2, 𝑆𝐷 = 1.19) < continuous-pinch (𝑀 = 3.76, 𝑆𝐷 = 0.97) <0.01

finger (𝑀 = 3.2, 𝑆𝐷 = 1.19) < pinch (𝑀 = 3.83, 𝑆𝐷 = 0.86) <0.001

Interaction 4, 68 8.86 & 0.34 <0.001

▶ Post-hocs: raycast ⊕ finger (𝑀 = 2.42, 𝑆𝐷 = 1) < raycast ⊕ pinch (𝑀 = 3.58, 𝑆𝐷 = 0.69) <0.01

raycast ⊕ finger (𝑀 = 2.42, 𝑆𝐷 = 1) < direct ⊕ pinch (𝑀 = 3.78, 𝑆𝐷 = 0.75) <0.01

gaze ⊕ pinch (𝑀 = 4.14, 𝑆𝐷 = 0.59) < raycast ⊕ finger (𝑀 = 2.42, 𝑆𝐷 = 1) <0.001

direct ⊕ continuous-pinch (𝑀 = 3.33, 𝑆𝐷 = 1.04) < gaze ⊕ pinch (𝑀 = 4.14, 𝑆𝐷 = 0.59) <0.05

direct ⊕ finger (𝑀 = 3.97, 𝑆𝐷 = 0.53) > raycast ⊕ finger (𝑀 = 2.42, 𝑆𝐷 = 1) <0.01

gaze ⊕ pinch (𝑀 = 4.14, 𝑆𝐷 = 0.59) > raycast ⊕ finger (𝑀 = 2.42, 𝑆𝐷 = 1) <0.01

gaze ⊕ pinch (𝑀 = 4.14, 𝑆𝐷 = 0.59) > gaze ⊕ finger (𝑀 = 3.22, 𝑆𝐷 = 0.86) <0.01

gaze ⊕ continuous-pinch (𝑀 = 4.11, 𝑆𝐷 = 0.61) > gaze ⊕ finger (𝑀 = 3.22, 𝑆𝐷 = 0.86) <0.01

gaze ⊕ continuous-pinch (𝑀 = 4.11, 𝑆𝐷 = 0.61) > raycast ⊕ finger (𝑀 = 2.42, 𝑆𝐷 = 1) <0.01

fatigue can dominate the interaction. Specifically, gaze reduced the slider offset relative to both

direct touch and hand raycast. The interaction analysis further showed that when manipulation

was by finger, gaze delivered the smallest offsets among selection methods, which indicates that

selection sets the ceiling for precision even before manipulation details come into play (RQ1).

On the efficiency side, gaze consistently outpaced hand raycast for buttons, and the best button

times after direct finger input appeared with gaze combined with either pinch or continuous-pinch
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(RQ2). This aligns with low TLX scores, high SUS scores, and perceived comfort, suggesting that the

combination of gaze-based selection and pinch-based manipulation minimizes cognitive overhead.

Comfort and occlusion further strengthen this pairing, in line with prior work [54, 55, 64], where

gaze with both pinch variants was among the most comfortable combinations, while gaze generally

reduced perceived occlusion relative to direct, indicating that distant selection decouples the hand

from the visual focus and reduces incidental blocking of the interface.

Continuous thumb-index pinching performed best when paired with gaze but is slow for direct

interaction and can elevate perceived occlusion up close, suggesting that continuous pinching is

most effective at a distance where the hand can remain relaxed and out of the way. However, the

combination of gaze with continuous-pinch produced more crossings than the other conditions

despite achieving fast task completion times, pointing to a speed–precision trade-off that likely

stems from unregulated gain or insufficient endpoint stabilization in the continuous mapping

(RQ3). Our findings suggest that future work should further investigate adaptive velocity-to-gain

mappings, damping near targets, or short “settle” windows that preserve speed during gross motion

while reducing micro-oscillation during closing in on the target, thereby retaining the comfort and

time benefits of continuous-pinch without incurring additional crossings.

As a consequence, selection matters more than manipulation (RQ1 and RQ2): gaze selection

reduced slider offset, improved times on both widgets, lowered TLX scores, and increased SUS

scores relative to raycast, indicating that the stability and low visuomotor cost of gaze set a favorable

stage for whichever manipulation is layered on top.

Moreover, manipulation is interaction-dependent (RQ2). Pinch is a robust default interaction

modality across distances, where continuous-pinch excels with gaze but slows down direct interac-

tion and increases crossings for sliders. Fingers remain highly effective in direct, near-field button

tasks but underperform in indirect or distant contexts, as indicated by workload and SUS scores.

6.2 Direct Touch Is Still Strong, but Has Occlusion Costs
Combining direct selection with finger manipulation remains a strong input method for near-field

discrete actions, producing the fastest button completion times (see Table 3) and the highest SUS

scores (see Table 5) among all combinations (RQ3). This result validates direct touch when the

control is close, targeting is trivial, and the action is discrete rather than continuous, echoing

long-standing results on the efficiency of direct touch for discrete close-range interactions in

mobile devices (cf. [6, 65]). In contrast, direct selection did not achieve the best slider precision

and increased perceived occlusion relative to gaze and even raycast, indicating that the benefits

of direct touch decrease when fine adjustment is required or when the hand blocks critical visual

information near the control.

In addition, the combination of direct selection with continuous thumb-index pinch slowed

tasks for both sliders and buttons, and it yielded higher perceived occlusion and higher TLX scores

than gaze selection, suggesting that continuous modulation at arm’s length can become visually

intrusive and ergonomically demanding without adding precision gains to justify the cost (RQ3).

Our results show that direct finger interaction scored high in overall comfort, outperforming

the combination of finger and hand raycast. Yet, combining continuous pinch with indirect gaze

selection still surpassed its combination with direct hand selection in terms of comfort, which

indicates that the same continuous manipulation becomes less taxing when selection keeps the

hand away from the interface and possibly reduces posture strain.

Our results motivate clear guidelines: employ the combination of direct manipulation with the

index finger for nearby, discrete interactions where its speed and familiarity shine, and occlusion is

not critical. Yet for distant or precision-sensitive adjustments, prefer gaze with pinch or continuous-

pinch to reduce occlusion, time, and workload. When continuous control is required in near-field
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contexts, designers should consider hybrid strategies, such as transient gain reduction in the last

centimeters of motion or visuals that shift the locus of control out of the line of sight to mitigate

occlusion and reduce the need for fine-motor corrections in front of the target.

6.3 Avoid Unassisted Hand Raycast for Selection
In our study, we used a raw, unassisted raycast as an empirical baseline that often lagged on both

slider and button times, registered higher TLX scores, and received lower SUS scores than gaze

and direct, indicating that it imposed stability and aiming overheads that were not compensated

by the manipulation gesture’s familiarity. This issue became most evident in the combination of

hand raycast with finger manipulation, which clustered the worst experience attributes: slower

times, higher workload, lower comfort, and the lowest SUS score. This might be due to jitter and

continuous micro-corrections required to keep the ray aligned with the target during manipulation

preparation, which is in line with prior work (cf. the Heisenberg effect in spatial interaction [81]). Yet,

there are promising mitigation strategies for raycast, including increased damping and smoothing,

target snapping or magnetic funnels at the endpoint, or alternative visualization that reduces visual

clutter near the target.

The combination of continuous pinch with hand raycast, interestingly, achieved lower slider

crossings than its combination with gaze. Yet, the broader pattern still disfavored unassisted hand

raycast because the reductions in crossings did not translate into substantial time or workload

advantages, indicating hidden coordination costs in maintaining the ray direction and timing the

continuous control (RQ3).

Our results suggest that using unassisted hand-based raycasting as the default selection technique

for simple one-dimensional controls is not advisable when gaze input is available, particularly

in contexts where speed and perceived usability are critical. If ray-based selection is needed, it

should be strongly supported and is best paired with pinch gestures rather than finger-based input.

This trade-off also applies when combining gaze with continuous pinching, as this configuration

resulted in a high rate of crossing errors and may therefore benefit from mitigation strategies such

as adaptive gain.

7 Limitations and Future Work
Our paper provides insights into various hand-based XR input techniques. However, this paper

also has limitations that raise research questions for future work.

7.1 Validity
This paper advanced the understanding of different hand-based input techniques in XR. To achieve

this, we conducted a controlled experiment to establish the fundamental properties of these tech-

niques. However, due to the limited number of participants, the experiment, by definition, only

captures a sample of actual human performance. Moreover, varying hand anthropometrics might

especially impact comfort and occlusion. As a result, the findings may differ for other user groups,

such as children or seniors.

7.2 Fatigue
Fatiguemay be a potential limitation to the repeated use of the different hand-based input techniques.

Participants did not report signs of fatigue. Also, the physical demand ratings from the TLX reported

after each trial did not show a characteristic increase over the course of the study (likely due to

relaxation phases between trials). While fatigue consequently did not appear to influence our

study results regarding subjective physical demand, our study did not include objective measures

of physical load (e.g., hand movement distance, fatigue-based models [38]). We acknowledge
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that incorporating such measures could provide additional insights into motor adaptation or

compensatory behaviors during interaction. Therefore, fatigue remains a complex issue, especially

for future interactive systems beyond study prototypes, whichwarrants further investigation. Future

studies should investigate whether the hand becomes progressively fatigued with accumulated

hand-based movements, particularly in continuous thumb-index pinching.

7.3 Hand Tracking
Our study employed two Leap Motion 2 sensors to obtain robust, low-latency hand tracking. Our

setup offers better tracking quality compared to integrated hand-tracking solutions, particularly

for extreme poses and specific occlusions. Yet, we were primarily interested in comparative mea-

surements across the different interaction techniques and thus did not optimize the system for

peak interaction performance. Therefore, the absolute performance values may differ when using

built-in tracking, controllers, or more advanced hand motion tracking (e.g., recent work [82] already

showed how hand motion tracking becomes increasingly accurate using only a single RGB camera).

7.4 Set of Selected Techniques
In this paper, we focus on the most commonly implemented hand-based input techniques for

XR, including direct touch, pinch-to-click, and gaze-supported interactions. However, many other

promising XR input techniques were not included in our evaluation. Future research should explore

a broader range of interaction methods to determine how they compare to continuous thumb-index

pinching, particularly in terms of usability, efficiency, and user comfort. Comparing a greater set of

techniques will provide a more comprehensive understanding of the strengths and limitations of

continuous thumb-index pinching.

Another important consideration relates to the Heisenberg effect in interaction [81]. This phe-

nomenon suggests that certain errors might not only stem from the accuracy of the interaction

technique itself, but also from the cognitive and motor demands imposed by the selection mecha-

nism. Future work should further investigate this effect in the context of raycast-based thumb-index

pinching.

7.5 Slider Design and Release
One potential confound in our study is the design of the pinchable slider, which differs from

standard single-handle sliders used in XR. While this design was chosen to leverage pinching as

an intuitive manipulation method, future work should investigate whether UI modifications (e.g.,

single-handle sliders, alternative snapping mechanisms) affect performance outcomes. Additionally,

the high crossing rate for raycast ⊕ continuous-pinch may be partly influenced by the slider

design rather than solely by the interaction technique. Future studies could isolate UI factors to

determine their impact on interaction effectiveness. Moreover, our evaluation prioritized assessing

the influence of selection and manipulation and thus did not explicitly model the interaction’s

release phase. For this reason, we utilized an external clicker for all conditions so that performance

differences reflect the techniques themselves, avoiding confounds from differing release methods

(e.g., continuous pinching alone could support several release options without extra hardware like

lifting the fingers off the slider, using the trapeziometacarpal joint to move the thumb out of plane,

or using a brief rapid-pinch gesture). Consequently, this limits generalizability, as potential friction

or errors inherent to this step in the interaction cycle may have been overlooked compared to those

in established methods. Subsequent studies should more closely examine ecological settings with a

range of release methods to fully characterize their impact on overall usability and efficiency.
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8 Conclusion
In this work, we investigated continuous thumb-index pinching as a hand-based input technique

for Extended Reality (XR), enabling pinchable buttons and sliders. To our knowledge, this is the

first work to treat continuous thumb-index pinching as one option within a broader hand-based XR

design space and to systematically compare it with direct touch, binary pinch-to-click, gaze-based,

and raycast interactions for common UI controls. In a controlled experiment, we systematically

compared them and found trade-offs among direct touch, pinch-to-click, gaze-supported, and

raycasting-based interactions. Our findings show that continuous pinching is in some cases an

alternative to the commonly known pinch interactions.

Our results suggest practical guidelines for hand-based XR interfaces: (1) designers should pair

gaze with pinch-based manipulation when dealing with distant or precision-demanding controls, (2)

use direct finger touch for nearby discrete actions, and (3) reduce the reliance on hand raycast. We

hope these findings serve as a valuable foundation for future designs of hand-based XR interfaces.
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Table 7. NASA-TLX means and SDs per condition for the slider (top) and button (bottom).

Selection ⊕ Manipulation Mental Demand Physical Demand Temporal Demand Performance Effort Frustration

direct ⊕ pinch 32.22 (19.34) 45.83 (27.67) 32.22 (26.25) 31.94 (17.92) 46.67 (23.33) 28.89 (19.97)

direct ⊕ continuous-pinch 32.78 (24.75) 42.78 (29.96) 28.33 (24.25) 25 (15.62) 50.28 (21.93) 29.72 (23.04)

direct ⊕ finger 25.28 (19.59) 29.44 (18.46) 31.39 (22.93) 23.61 (18.21) 42.22 (18.25) 22.78 (16.47)

gaze ⊕ pinch 30.83 (22.05) 23.89 (19.29) 23.89 (20.83) 18.89 (17.87) 38.61 (25.6) 21.67 (18.31)

gaze ⊕ continuous-pinch 23.06 (18.16) 28.61 (22.28) 24.44 (21.07) 23.33 (17.66) 34.72 (20.76) 20.56 (14.44)

gaze ⊕ finger 40.28 (29.03) 39.44 (26.56) 37.22 (24.69) 29.17 (24.21) 54.17 (23.53) 38.61 (26.34)

raycast ⊕ pinch 35.83 (23.9) 40.83 (26.42) 30.56 (21.07) 29.17 (20.16) 48.33 (25.15) 31.39 (20.35)

raycast ⊕ continuous-pinch 32.78 (22.18) 33.06 (23.4) 33.61 (20.71) 22.22 (16.02) 42.78 (20.02) 23.33 (18.86)

raycast ⊕ finger 50.83 (27.61) 46.67 (34.6) 34.72 (20.83) 39.44 (23.82) 65.83 (24.27) 49.44 (31.05)

direct ⊕ pinch 20.56 (21.27) 28.06 (21.5) 28.33 (27.06) 16.94 (16.99) 34.72 (24.76) 23.33 (19.78)

direct ⊕ continuous-pinch 23.33 (18.55) 31.67 (21.14) 25.56 (21.34) 16.94 (19.03) 38.61 (18.77) 25.83 (25.68)

direct ⊕ finger 12.78 (8.61) 16.94 (15.82) 25.83 (25.39) 11.67 (12.95) 26.39 (20.42) 13.06 (7.5)

gaze ⊕ pinch 17.78 (18.65) 13.06 (10.87) 24.17 (22.77) 10.83 (10.04) 25.56 (23.38) 17.22 (12.63)

gaze ⊕ continuous-pinch 15.28 (12.18) 15.56 (13.81) 23.61 (24.6) 12.78 (13.74) 22.22 (16.29) 13.06 (8.93)

gaze ⊕ finger 24.17 (17.84) 26.94 (22.7) 28.33 (24.73) 22.5 (24.57) 38.61 (25.19) 25.83 (18.81)

raycast ⊕ pinch 21.11 (15.77) 26.11 (19.82) 25.83 (23.09) 15.28 (11.69) 31.39 (21.06) 19.44 (14.44)

raycast ⊕ continuous-pinch 17.22 (11.4) 24.17 (17.43) 25.56 (24.67) 10.56 (10.27) 24.44 (12.71) 15.83 (10.33)

raycast ⊕ finger 49.17 (29.91) 51.94 (33.83) 38.89 (26.43) 40.83 (22.9) 64.72 (26.76) 46.39 (32.03)
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