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Extended reality (XR) systems now use everyday physical surfaces as touch input spaces. However, existing systems rely
primarily on flat surfaces due to the given device form factor and sensing capabilities. Despite advancements in sensing
technologies that allow touch input across surfaces with diverse curvatures, the effects of surface curvature on user behavior
and performance in indirect XR touch interaction remain underexplored. To this end, we present CurvedTouch, a study that
investigates the effects of surface curvature and cursor mapping methods on XR indirect touch interaction. We evaluated 4
surface curvatures (flat, R = 75mm, 60mm, and 45mm) and two cursor mapping methods (Projection-based and Distance-
based) in a within-subject study by measuring task performance, behavioral pattern, workload, and usability. 16 participants
performed the indirect Tap, Drag, and Trace task under certain conditions. Our results reveal that the task performance and
usability significantly dropped for a curvature between R = 45mm and R = 60mm. As curvature increases, users change their
input strategy from finger-level motion to whole-hand movement. Unlike prior findings in direct touch interaction, we found
that minimum button size increases on a high curvature surface in an indirect touch scenario. For the cursor mapping method,
distance-based mapping showed higher usability under high curvature. Based on these findings, we came up with design
guidelines for interaction type, button size, interaction area, and cursor mapping method for the XR indirect touch interface
on a curved surface.
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1 INTRODUCTION

Recent research on XR input increasingly focuses on utilizing everyday surfaces as touchable interfaces. Utilizing
everyday surfaces as touch interfaces addressed issues such as the lack of tactile feedback and fatigue associated
with mid-air gestures [18]. It is also advantageous to use everyday surfaces for mobile environments, since
no separate controller is required. Moving beyond traditional approaches that detect touch events from the
perspective of the touched surface, researchers have explored techniques that infer touch based on the touching
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hand itself, using finger color changes or motion dynamics [24, 33, 50]. These approaches enable the detection of
touch timing, location, and even touch intensity without requiring sensors embedded in the surface. Building
on this technological foundation, several studies implement and evaluate XR interaction systems that utilize
everyday surfaces in the user’s environment, such as walls, desks, and furniture, as touch interfaces [6, 37].

Unlike conventional touch screens, everyday touchable surfaces are not flat but consist of various curvatures.
Still, no in-depth research has explored how the geometry of touch surfaces in XR environments influences the
user’s input behavior and performance.

Surface geometry fundamentally influences how users touch and interact with the surface [20]. As surface
geometry changes, users may adopt different finger postures, movement strategies, or levels of precision when
performing touch input. These behavioral differences suggest that interface design parameters (Types of interac-
tions or the layout of interface elements) should be adapted according to surface curvature. However, there is still
a limited understanding of how interaction strategies and design-relevant user behaviors vary across different
curved surfaces in XR contexts.

Touch interaction is generally divided into two categories, direct touch and indirect touch. Direct touch
describes a situation where the location the user touches and the location of the interface being manipulated are
identical. The user can see both their hand and the interface simultaneously during interaction. Curved displays
and OmniTouch [13] are examples of direct touch interfaces. On the other hand, indirect touch refers to situations
in which the user’s touch location and the manipulated interface are spatially separated, as is common in XR
user interfaces. Users perform the touch interaction while seeing only one of their hands or only the given visual
interface. Examples of indirect touch scenarios include a laptop trackpad, Tripad’s indirect input mode [6], or
T2IRay [22].

Our work focuses mainly on indirect touch. Since existing research on touch input on curved surfaces has been
limited to direct touch scenarios, we shift our focus to upcoming XR environments where virtual or augmented
content often does not align with touching surfaces [12].

Unlike direct touch on curved surfaces, indirect touch introduces an additional challenge. Since the hand and
cursor are positioned at different locations during indirect touch, the mapping of the actual finger movement
to the cursor movement becomes a critical issue. This issue becomes more apparent on curved surfaces, where
surface curvature creates a mismatch between the finger’s three-dimensional (3D) movement and the cursor’s
two-dimensional (2D) motion. Therefore, existing interaction designs based on direct or flat-surface touch are
difficult to apply directly to indirect touch scenarios on curved surfaces.

To address this research gap, we investigate how the curvature of touch surfaces in XR environments affects
users’ performance, usability, and behavioral patterns through both quantitative and qualitative analyses. We
also examine how different strategies for mapping touch input on curved surfaces to planar cursor movement
influence user experience and performance. Based on our findings, we derive practical design guidelines for
creating XR touch interfaces on curved surfaces (Fig. 1). We aim to extend the physical touch input space in XR
beyond flat surfaces such as walls and desks toward truly arbitrary everyday surfaces. We address the following
research questions:

e RQ1. How does surface curvature affect users’ task performance and usability in indirect touch interaction
on curved-surfaces?

e RQ2. How does surface curvature influence users’ behavioral patterns during indirect touch interaction on
curved-surfaces?

¢ RQ3. How should the 3D movement of a fingertip on a curved surface be mapped to a 2D cursor position
to assist user performance and usability?
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Fig. 1. Overview of CurvedTouch. We designed a within-subjects study to collect XR indirect touch input data under 4
surface curvatures, 2 cursor mapping methods, and 2 target distance conditions. We analyzed task performance, usability,
and behavioral patterns, leading to proposed design guidelines for XR touch interfaces on curved surfaces.

2 RELATED WORK
2.1 Touch Interaction on Physical Surface in XR

Touch interaction on physical surfaces offers several advantages in XR environments. By involving physical
contact, surface-based interaction naturally provides tactile feedback, which improves input precision and user
confidence [4, 29]. In addition, since users do not need to keep their hands suspended in mid-air, surface-based
interaction can also reduce physical fatigue, making it suitable for prolonged use in XR scenarios. Early related
studies used touch-enabled devices such as smartphones or tablets held by the user [28, 39, 41], or attached touch
sensors to specific physical surfaces such as the HMD housing [8].

Subsequent work extended this idea beyond predefined devices or surfaces and investigated touch recognition
on arbitrary physical surfaces. This was a transition from instrumenting “the surface being touched” to sensing
“the fingers performing the touch”. Researchers have utilized HMD hand-tracking data or additional vision data
to detect touch actions [10, 11, 13, 17, 24, 32, 50]. Some systems combine acoustic sensors to capture vibrations or
sounds generated by finger tapping to compensate for vision-based approaches [21, 30, 34, 51].

Given the ability to recognize finger touch on arbitrary physical surfaces, several studies have attempted
to implement classic input interfaces such as track pads [6] and QWERTY keyboards [9, 36, 37, 40, 53] in XR
environments. However, most studies constrain the geometry of the input surface to a flat plane. Although recent
work [9] includes experiments and analysis on typing on curved objects such as cups and water bottles, this work
only concludes that users are less familiar with curved surfaces than flat ones, leading to lower typing speed and
accuracy. Thus, a systematic analysis of touch input grounded in surface curvature is timely, given the growing
adoption of XR systems capable of utilizing everyday surfaces for touch input.

2.2 On-body Touch Interfaces

Although XR touch interfaces using physical surfaces have mostly been designed for planar surfaces, there is a
line of research on XR touch interfaces for non-planar surfaces. Those works primarily focused on “on-body
interaction”, where the user’s body functions as the input surface [3, 14, 16, 52]. The user’s body served as a
promising input surface for XR environments and wearable devices. On-body interaction offers the advantage of
being readily available without external devices or environmental dependencies, and it enables input grounded
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in the user’s proprioceptive and tactile senses [3, 14, 52]. Furthermore, on-body interaction causes less physical
fatigue and is more socially acceptable than freehand interaction [16].

Prior research has proposed on-skin touch recognition systems [33, 47] and interfaces that utilize various
body parts, such as the arm [42, 54], thigh [31, 43], palm [5, 19, 23, 25, 35, 45, 46] as input spaces. These studies
have primarily examined factors such as the spatial characteristics of body parts, accessibility, memorability, and
usability under different postures. However, prior on-body interaction research has paid limited attention to how
the geometric properties of the surface itself influence users’ behavioral patterns on touch input. Therefore, this
suggests that the effect of surface curvature on the behavioral pattern has not been fully examined and needs
further exploration.

2.3 Touch Input on Non-planar Surfaces

Outside the XR context, existing HCI research has conducted various studies to understand the characteristics
of touch input on non-planar surfaces, especially on non-planar displays. Previous work concludes that curved
and 3D displays with depth-aware interaction represent an important research direction that complements
flat interfaces, suggesting a need for new interface designs leveraging the unique characteristics of new form
factor [2].

In response, Roudaut et al. [38] demonstrated through a target selection task on a hemispherical surface
that surface curvature and convexity/concavity directly affect touch offset and accuracy. Based on this, they
proposed guidelines for button size in curved interface design. Subsequent studies revealed that input accuracy on
deformable hemispherical touch surfaces heavily depends on visual feedback and surface shape, highlighting the
need for designs that consider geometric characteristics of curved surfaces [1]. In large interactive environments,
research on user input performance on curved surfaces has centered around displays that connect horizontal
and vertical planes via curved surfaces. BendDesk [48] analyzed dragging and pointing performance in a desk
environment with curved connections between horizontal and vertical planes, demonstrating that touch inputs
across curved surfaces are slower and less stable than flat surfaces, imposing additional fatigue on users.

Extending these findings, Voelker et al. [44] experimentally analyzed flicking gesture accuracy in a similar
environment. They found that flicking accuracy varies depending on surface continuity, input location, and body
alignment, with errors in the motor execution phase having a greater impact than visual perception errors. A recent
study analyzed the effects of hinge curvature radius for foldable displays. Zinck et al’s research quantitatively
demonstrated that smaller hinge curvature improves drag performance and user preference, highlighting the
critical role of geometric characteristics at curved junctions in input performance [55].

To summarize, previous studies have emphasized that touch surfaces on curved surfaces should be studied sep-
arately from those on flat surfaces because the shape of the touch surface significantly impacts input performance
and usability. However, these prior studies primarily examined direct touch on curved surfaces, where the visual
interface and the touched physical surface are spatially coupled. In contrast, we focus on indirect touch in XR,
where the touched curved surface and the manipulated visual interface are spatially separated. This distinction
is important because indirect touch introduces an additional mapping problem between fingertip movement
on a 3D curved surface and cursor motion on a 2D interface plane, which may lead to behavioral and usability
patterns that differ from those reported in prior direct-touch studies.

3 METHODOLOGY

3.1 Surface Curvature Conditions

Given that on-body interaction represents one of the most actively explored approaches in research on non-planar
surface interaction in XR environments, we designed the experimental conditions based on the curvature of
body parts commonly used as input spaces, namely the arm and the leg. Accordingly, we adopted body-based
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surfaces as references for touch interfaces in XR and included four surface curvature conditions, consisting of
three curved surfaces and a flat surface (R=00) as a baseline.

Each curvature radius was derived based on anthropometric data. Specifically, each body part was approximated
as a perfect cylinder, so the curvature radius was obtained by dividing the average circumference by 2. However,
this circular approximation yields a surface that is more curved than the actual body surface typically contacted
during on-body interaction, as real body parts are generally flatter than a perfect circle. As a result, the diameter
derived from circumference alone would overestimate surface curvature. To compensate for this, we applied a
shape correction by scaling the diameter using the ratio between the average circumference and the average
width, normalized by 7. This normalization ensures that the scaling factor equals 1 for a perfectly circular
cross-section, while increasing the diameter for flatter shapes. Finally, for practical reasons related to analysis
and surface fabrication, the resulting curvature radii were rounded to the nearest 5mm increment.

Based on this process, the curvature radii were set to 75mm for the thigh, 60mm for the upper arm, and 45mm
for the forearm and wrist. Although the palm is frequently used as an input space in on-body interaction, it was
excluded from the curvature definition because its surface is relatively close to planar. Concave surfaces were
also excluded, as they are uncommon in everyday interaction contexts.

These body-part measurements were used only as references for selecting representative curvature magnitudes.
The experimental surfaces themselves were not intended to faithfully reproduce the geometry of specific body
parts. Thus, we adopted hemispherical surfaces rather than cylindrical surfaces because they provide uniform
curvature across all movement directions, allowing surface curvature to be isolated as a controlled variable.

3.2 Curved Surface Fabrication and Touch Sensing

As reviewed in the Related Work section, a variety of sensing techniques have been proposed to detect touch
on arbitrary surfaces. However, the goal of this study is not to introduce a new technique for sensing touch
on curved surfaces, but rather to analyze touch input in scenarios where curved surface touch interaction is
already supported. Therefore, among the possible implementation options, we chose capacitive sensing because
it enabled real-time and robust touch event detection on all fabricated surfaces without requiring model training
or wearing additional hand-held equipment. This choice allowed us to focus on the design and evaluation of
touch interaction on curved surfaces, rather than on the performance of the touch-sensing technique itself.

The input surfaces used in the experiment were fabricated according to the four predefined curvature conditions.
Each curved surface was modeled as a segment of a sphere with the specified curvature radius, cut such that
the base diameter was 90mm. For the flat condition, a 90mm diameter circular disk was used. All surfaces were
fabricated using a 3D printer, then sanded and coated with conductive paint. The coated surfaces were connected
to an Arduino to detect finger contact.

To capture the precise location of the touch on the surface, we attached markers to the participant’s finger and
tracked them using an OptiTrack motion capture system. This allowed us to record the finger position at the
moment of touch with high spatial accuracy. The location of the touch was estimated from the position of the
marker attached to the participant’s index fingernail at the time the touch was detected.

3.3  Cursor Mapping Method

For discrete interactions such as Tap, the hand moves through the air and makes brief, momentary contact with
the surface. The input is therefore defined by a single contact location at lift-off, and the finger’s continuous
trajectory does not contribute to the command. As a result, mapping 3D finger motion on a curved surface to 2D
cursor movement is not a concern for Tap.

In contrast, continuous interactions such as Drag require the finger to move while maintaining contact with
the surface. Here, the input is defined by the finger’s continuous 3D path along the curved surface, which must
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Fig. 2. The experimental setup. We implemented three types of touch interaction tasks, including Tap, Drag, and Trace, in
Unity with Meta Quest 3. We attached a total of 8 markers to the user’s hand: 4 markers on the index finger tip and each
joint (DIP, PIP, MCP), and 4 markers on the wrist to form a rigid body. An OptiTrack system with 12 motion capture cameras
tracked the markers, storing the user’s hand posture data and recognizing the touch position. For the touchable surfaces
with four different curvatures, conductive paint was applied and connected to a microcontroller to sense touch. During the
experiment, all surfaces were fixed in one position using a mount attached to the desk.
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be converted into cursor motion on a 2D screen plane. This makes the cursor-mapping method a key design
choice, motivating our investigation of how different mappings affect performance and experience.

This study first defines a baseline approach for mapping finger motion on curved surfaces to 2D cursor
movement in indirect, continuous-touch interaction, and then systematically evaluates how alternative mappings
affect touch input. A continuous touch action can be characterized by its start point, movement trajectory, and end
point. Because the start point coincides with the current cursor position, we distinguish two mapping strategies
based on what primarily drives cursor movement: the fingertip’s terminal position or its motion trajectory.

e Projection-based Method (PM). In this method, the cursor position is determined by projecting the
finger’s movement onto the base plane of the curved surface. This approach assumes that users estimate
cursor position mainly from the finger’s final position, thereby maintaining continuity with familiar 2D
touch interaction.

e Distance-based Method (DM). In this method, cursor movement direction is defined using the same
projection, while movement distance is determined by the actual 3D path length traveled along the curved
surface. This strategy reflects an interaction model in which users rely more directly on the physical
movement trajectory, aligning cursor control with proprioceptive feedback.

4 USER STUDY: XR TOUCH INPUT MOTION DATA COLLECTION ON CURVED SURFACES

We conducted a user study to investigate how indirect touch interaction in XR on curved surfaces is influenced by
surface curvature and cursor mapping strategies. In particular, we examined how variations in surface curvature
affect users’ task performance, perceived usability, and behavioral patterns, as well as how different cursor
mapping methods interact with surface curvature.

Participants performed a set of representative touch interaction tasks under four surface curvature conditions
and two cursor mapping methods. In addition to task performance and subjective evaluations, we collected data
on finger joint rotation, wrist movement, and clutching behavior to capture changes in users’ input behavior.
Through this study, we aim to understand not only whether performance differs across curved surfaces but
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Fig. 3. We used three distinct tasks: (a) Tap, (b) Drag, and (c) Trace. The Tap task employed an absolute cursor that moved in
real-time with the fingertip, even during hovering. For the other tasks, a relative cursor was used, which moved only when
the hand was in contact with the surface and remained stationary when lifted. Frames during task execution where the data
were recorded were marked with a red border. In all tasks, users were instructed to move the cursor back to the origin at the
end of each trial.

also how users adapt their touch strategies in response to surface geometry and how such adaptations relate to
performance and usability outcomes.

4.1 Study Setup

We recruited 16 adult participants (8 female) for the study. Two participants were left-handed, but both reported
routinely using everyday touch interfaces with their right hand. Participants received monetary compensation
upon completion of the experiment.

Fig. 2 shows the configuration of the experimental apparatus. The experiment was conducted in a VR environ-
ment. The system consisted of a Meta Quest 3 head-mounted display and an OptiTrack motion capture system.
To precisely track index finger motion, we attached markers to the fingertip and each joint of the participant’s
index finger (MCP, PIP, DIP). A rigid body composed of four markers was attached to the wrist to capture wrist
movement.

The experimental interaction scene was implemented in Unity. During the experiment, participants interacted
with an on-screen cursor presented on a virtual 2D screen in VR. We provided the cursor as a visual proxy for
the estimated touch location on the surface. No other visual aids were provided, such as a virtual hand model or
a visual rendering of the physical touch surface.

4.2 Tasks

In this experiment, participants performed three tasks in VR: Tap representing discrete input, and Drag and Trace
representing continuous input (Fig.3).
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Tap. (Fig.3-A) Participants selected targets on a virtual screen floating in front of them in VR by controlling an
on-screen cursor. The cursor was rendered as a point projected onto a plane parallel to the base of the curved
surface, and it remained visible regardless of whether the participant’s finger was in contact with the physical
surface. A tap was registered as a touch followed by a lift-off; at the moment of lift-off, the system logged both
the fingertip position and the corresponding cursor position. When the cursor successfully tapped the target, the
target disappeared, and the participant was prompted to return the cursor to the origin by tapping the center
crosshair on the virtual screen. Once this center tap was completed, the next target appeared. Targets were
presented one at a time at one of eight locations equally spaced in direction and equal in distance from the origin.

Drag. (Fig.3-B) Participants dragged the on-screen cursor from a start point to a target point on the virtual
screen. The cursor behaved like a standard mouse cursor: it moved only while the hand was in contact with
the surface and remained stationary when the hand was lifted. During contact, cursor motion followed the
cursor-mapping method assigned to the current condition (as described in the previous section). Each trial began
with only the start point visible. The participant first moved the cursor to this start point, which appeared at one
of eight locations equidistant from the screen center (matching the Tap task layout). Once the cursor reached
the start point, the target point appeared at the diametrically opposite location relative to the origin. At that
moment, we began recording the hand-marker positions, cursor position, and surface contact state. Recording
continued until the participant dragged the cursor into the target. After a successful hit, the start and target
points disappeared and a center crosshair appeared. The participant then returned the cursor to the screen center;
upon reaching it, the next start point appeared, initiating the next trial.

Trace. (Fig.3-C) Participants traced a closed path on the virtual screen, starting from a designated start point,
moving clockwise, and returning to the start point to complete the trial. Cursor motion and contact behavior
followed the same rules as in the Drag task. Each trial began by displaying a path and its start point. Participants
first moved the cursor onto the start point; once reached, the system prompted them to begin tracing. Recording
of hand-marker position, cursor position, and surface contact status started when the cursor first left the start
point (i.e., at trace onset). To avoid mistakenly treating this initial departure as an immediate “return” to the start
point, the trial ended only after (1) a minimum time had elapsed and (2) the cursor subsequently reached the start
point again. After completion, the system prompted participants to move the cursor back to the origin. When
the cursor reached the origin, the next path and its start point appeared, and the participant again moved to the
start point to begin the next trial. We used circles and squares as path shapes presented in strict alternation (no
consecutive repeats). The start point was the top-left corner for squares and the highest point for circles. Users
were instructed to always trace clockwise, regardless of the path type.

4.3 Experiment Design

For Tap task, we conducted a 4x2 within-subject study with 2 variables; Surface Curvature and Target Distance.
For Drag and Trace task, we conducted 4x2x2 within-subject study with 3 variables; Surface Curvature, Cursor
Mapping Method and Target Distance. The conditions for each independent variable are described below (Fig. 4).

o Surface Curvature (Fig.4-A) 4 curvature conditions were tested: a flat surface (R = o) and three convex
spherical surfaces with curvature of R = 75mm, R = 60mm, and R = 45mm.

e Cursor Mapping Method (Fig. 4-B) 2 cursor mapping strategies were evaluated: the Projection-based
method and the Distance-based method.

o Target Distance (Fig. 4-C) To examine the influence of interface scale, 2 target distances (3 cm and 6 cm)
were selected based on the functional range of index finger movement.

Accordingly, a total of 8 experimental conditions were created for the Tap task, and 16 conditions for the Drag
and Trace tasks. To mitigate order effects, a Latin Square design was used to arrange the conditions in a balanced
sequence.
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Fig. 4. Conditions used in the experiment. (a) Surface Curvature. 4 curvature levels were used: the baseline flat condition
plus curvature conditions derived from 3 commonly used everyday curved surfaces. (b) Cursor Mapping Method. Two cursor
mapping methods were proposed. Distance-based Mapping (DM) moves the cursor by the cumulative 3D distance traveled
by the fingertip. Projection-based Mapping (PM) moves the cursor based on the change in the projected fingertip position on
the base. (c) Target Distance. Considering that the average distance the index finger tip can move when touching a surface is
3 4 cm, we experimented with two types of interactions: Near (3 cm) and Far (6 cm).

The experiment was organized into sessions. In each session, participants completed the Tap, Drag, and Trace
tasks in that fixed order. Each participant completed 16 sessions in total. Within a session, Surface Curvature and
Target Distance were held constant, and the Cursor Mapping Method was fixed for the tasks that used it (Drag
and Trace; this factor did not apply to Tap). Accordingly, Drag and Trace had one session per condition, whereas
Tap had two sessions per condition. Each session included 24 Tap trials, 24 Drag trials, and 10 Trace trials. For
Tap and Drag, trials were arranged as three 8-trial blocks: in each block, all eight target directions appeared
exactly once, in randomized order. Repeating the block three times yielded 24 trials (8 directions x 3 repetitions).
For Trace, participants traced two path shapes, square and circle, which alternated and were repeated five times,
yielding 10 trials (2 paths x 5 repetitions).

4.4 Procedure

Before the experiment, participants received an overview of the required equipment, collected data, tasks, duration,
and compensation, and then signed the consent form. They next completed a short training session under the
same settings as their first experimental session to familiarize themselves with the input system. Participants
then performed 16 sessions in the Latin-square order. During a session, they could request an undo if a trial was
incorrectly recorded due to an input error. After each session, participants removed the HMD and completed a
brief questionnaire assessing that condition (Workload, Ease of Use, and Satisfaction). Breaks were allowed at
any time between sessions.
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Table 1. Measurement Metrics used in the Study.

Metric (Task) Unit Description

Task Performance

Offset (Tap) [38] mm Mean distance between touch points and target centers
Spread (Tap) [38] mm Required button size to cover 95% of touch points
Throughput (Drag) [26] bps Speed-accuracy efficiency during target acquisition
Movement Error (Trace) [27] mm Average deviation from the intended tracing path
Movement Variability (Trace) [27] mm Consistency of tracing accuracy across the path
Behavioral Pattern (Drag, Trace)

Joint Angle Range degrees Range of index finger joint angles (MCP, PIP, DIP)

Wrist Movement Distance m Total 3D movement distance of the wrist during each trial
Clutching Count - Number of finger lift-and-recontact actions during a task
Clutching Distance m Mean finger movement distance before a clutch occurs
Subjective Evaluation

Raw NASA-TLX [15] - Perceived workload across 6 cognitive and physical dimensions
Ease of Use, Satisfaction - User’s subjective ratings on comfort and preference

4.5 Evaluation Metrics

User interaction was evaluated using task performance metrics, behavioral pattern metrics, and subjective
evaluations. Table 1 summarizes all metrics used in the study.

4.5.1 Task Performance Metrics.

o Tap Task. Offset [38] The Euclidean distance between each touch point and its corresponding target center.

1 N
Offset = Z s = il

where p; is the touch point and t; is the target center for trial i.

o Tap Task. Spread [38] The 95th percentile diameter of the smallest circle enclosing touch points for a
given target. This represents the required button size for reliable selection.

o Drag Task. Throughput [26] Measures the efficiency of the Drag operation, combining speed and accuracy
per Fitts’ law.

log, (% +1)
MT

where A is the movement amplitude, W is target width, and MT is movement time.
e Trace Task. Movement Error (ME) [27] The average orthogonal distance between the user’s trace and the
reference path.

Throughput =

where d; is the shortest distance from point i to the reference path.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 10, No. 2, Article 52. Publication date: June 2026.



CurvedTouch: Effects of Surface Curvature and Cursor Mapping Method for XR Touch Input on Curved Surface « 52:11

Table 2. Summary of Significant Task-Performance Results.

Task Metric Significant Effect Statistic Post-hoc

Tap  Spread Surface Curvature F(3,45) = 385, p = R=45mm >R =75
016, n% = 0.204 mm (*), Flat (*)

Drag Throughput Surface Curvature F(3,45) = 3.15,p = R =60mm > R = 45
034, 7% =0.174 mm (*)

Trace Movement Error Surface Curvature F(3,45) = 337, p = R =45mm > R = 60
.026, 7% =0.184 mm (*)

Trace Movement Variability =~ Surface Curvature F(3,45) = 3.07, p = R =45mm > R = 60

037, 7% =0.170 mm (*)

e Trace Task. Movement Variability (MV) [27] The standard deviation of orthogonal deviation across the
trace path. It quantifies consistency in tracing.

4.5.2 Behavioral Pattern Metrics.

o Joint Angle Range. The angular range of index finger joints (MCP, PIP, DIP) during contact which was
captured via motion tracking for each trial.

Range, = max(6) — min(0)

e Wrist Movement Distance. The accumulated 3D movement distance of the wrist during task execution.

T
D= llwi—wiill
i=2

where w; is the wrist position at frame i.

o Clutching Count. The number of clutching actions performed during a single task execution. A clutching
action is defined as an intentional lift of the finger from the touch surface, followed by re-contact, used to
reposition the finger when the reachable movement range is exceeded.

e Clutching Distance. The travel distance of the cursor before each clutching action occurs.

4.5.3  Subjective Evaluation.
o Raw NASA-TLX [15]. Participants rated six subscales (Mental, Physical, Temporal, Performance, Effort,
Frustration) of the condition on a 7-point scale without weighting.
o Ease of Use & Satisfaction. Participants answered 7-point Likert-scale questions to rate ease of use and
satisfaction.

5 RESULTS

To analyze the data from the study, we used two-way repeated measures ANOVA (RM-ANOVA) for Surface
Curvature (4 levels) x Target Distance (2 levels) in Tap task and three-way RM-ANOVA for Surface Curvature
(4 levels) x Cursor Mapping Method (2 levels) x Target Distance (2 levels) in Drag and Trace task. When the
data violated normality assumptions, we employed aligned rank transform (ART) before the analysis [7, 49].
We also evaluate sphericity using Mauchley’s test and applied Greenhouse—Geisser corrections for violated

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 10, No. 2, Article 52. Publication date: June 2026.



52:12 Lee et al.
Table 3. Summary of Significant Behavioral-Pattern Results in the Drag Task.
Task Metric Significant Effect Statistic Post-hoc
Drag PIP Range Surface Curvature F(3,45) = 10.27, p < Flat > R = 45 mm (**),
.001, % = 0.406 R =75 mm (**)
Drag MCP Range Surface Curvature F(3,45) = 881, p < R=60mm (*),R =175
.001, n% = 0.370 mm (*), and Flat (**) >
R =45 mm
Drag MCP Range Surface Curvature X F(1.75,26.30) = 4.35, Far:R=60mm (*),R =
Target Distance p =.027,n% = 0.225 75 mm (**) > R = 45
mm
Drag DIP Range Mapping Method F(1,15) = 12.69, p = PM > DM (**)
.003, n? = 0.458
Drag DIP Range Mapping Method X Sur- F(1,15) = 4.96, p = R =45 mm: PM > DM
face Curvature 014, n? = 0.249 ™)
Drag Wrist Movement Surface Curvature F(3,45) = 1540, p < R =45mm > R = 60
.001, n% = 0.507 mm (**), Flat (**)
Drag Wrist Movement Surface Curvature X F(3,45) = 6.64,p < Far:R=45mm >R =
Target Distance .001, n% = 0.307 60 mm (*), Flat (**)

data. Significant main effects or interactions were followed by a pairwise t-test with Bonferroni correction as a
post-hoc test. Effect sizes are reported using partial eta squared (1?).

During the analysis of results related to the Cursor Mapping Method, data under the flat surface was excluded
because both mapping methods functioned perfectly identically under a flat surface. The individual effect of
Target Distance was not reported as it was unrelated to the subject of this study. Detailed statistically significant
results are summarized in Tables 2-5.

5.1 Task Performance

5.1.1 Tap Task. Fig.5 and Table 2 shows the task performance results for the Tap task. Surface Curvature showed
a significant main effect (F(3,45) = 3.85, p = .016, n? = 0.204) for spread. Post-hoc comparisons indicated that
the R = 45mm surface resulted in larger spread than both the R = 75mm surface (p = .036) and the flat surface
(p = .029). These effects showed that the higher curvature led to larger tap spread in the experiment. However,
no significant effect was observed for the offset.

5.1.2  Drag Task. For the Drag task (Fig. 6, Table 2), Throughput was significantly affected by Surface Curvature
(F(3,45) = 3.15, p = .034, n? = 0.174), with higher Throughput observed at the R = 60mm condition than at the
R =45mm condition. No significant main effects or interactions involving Cursor Mapping Method were observed.

5.1.3 Trace Task. For the Trace task (Fig. 7, Table 2)), both Movement Error (F(3,45) = 3.37, p = .026, n? = 0.184)
and Movement Variance (F(3,45) = 3.07, p = .037, n? = 0.170) were significantly affected by Surface Curvature.
In both measures, the R = 45mm condition showed higher values than the R = 60mm condition. As in the Drag
task, no significant effects of Cursor Mapping Method were observed.
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Table 4. Summary of Significant Behavioral-Pattern Results in the Trace Task.

Task Metric Significant Effect Statistic Post-hoc
Trace PIP Range Surface Curvature F(2.03,30.52) = 12.16, R =75 mm > R = 45
p < .001, % =0.448 mm (*); Flat > R = 75
mm (**), R = 45 mm
(***)
Trace MCP Range Surface Curvature F(3,45) = 470, p = R =75 mm > R = 45
.006, n% = 0.238 mm (*)
Trace MCP Range Surface Curvature X F(3,45) = 3.21,p = Far:R=75mm >R =
Target Distance 032, 7% =0.176 45 mm (*)
Trace MCP Range Mapping Method % F(2,30) = 533, p = DM:R=75mm >R =
Surface Curvature .010, 7% = 0.262 45 mm (**)
Trace Wrist Movement Surface Curvature F(3,45) = 28.18, p < R =45mm > R = 60
.001, 7% = 0.653 mm (**), R = 75 mm (*),
Flat (***); R = 75 mm >
Flat (*)
Trace Wrist Movement Surface Curvature X F(2.03,30.52) = 16.36, Near:R=45mm> R =
Target Distance p <.001, n% =0.522 60 mm (*), R = 75 mm
(**), Flat (*); Far : R = 45
mm > R = 60 mm (%),
Flat (**)
Trace Clutching Distance Surface Curvature F(3,45) = 3.66, p = -
019, 7% =0.196
Trace Clutching Distance Surface Curvature X F(3,45) = 7.28, p < Near:R = 75 mm (*),
Target Distance 001, % = 0.327 Flat (***) > R = 45 mm
Trace Clutching Count Surface Curvature F(3,45) = 3.25,p = -
.030, 7% =0.178
Trace Clutching Count Mapping Method F(1,15) = 10.77, p = PM > DM (*)
.005, n% = 0.418
Trace Clutching Count Mapping Method X F(2,30) = 358, p = -
Surface Curvature .040, 172 =0.193
Trace Clutching Count Mapping Method X F(1,15) = 858, p = -
Target Distance .010, 7% = 0.364

5.2 Behavior Pattern

Hand and finger movement exhibited strong surface curvature-dependent differences during both the Drag
(Fig.8,9;Table 3) and Trace (Fig.10, 11;Table 4) tasks.

5.2.1

Drag Task. In the Drag task, movement range (Fig. 8) showed clear curvature-dependent differences. Main

effects of Surface Curvature were observed in the angle range of PIP (F(3,45) = 10.27, p < .001, n* = 0.406)
and MCP (F(3,45) = 8.81, p < .001, n? = 0.370) joints and in the total movement of the wrist (F(3,45) = 15.40,
p < .001, n2 = 0.507). Post-hoc tests revealed that for both PIP and MCP joints, the range of motion increased as
surface curvature decreased, whereas for wrist movement decreased as surface curvature decreased. A significant
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Table 5. Summary of Significant Subjective-Evaluation Results.

Measure Significant Effect

Statistic

Post-hoc

Workload (NASA-TLX) Mapping Method x
Surface Curvature
Workload (NASA-TLX) Surface Curvature

Satisfaction Surface Curvature
Ease of Use Surface Curvature
Ease of Use Mapping Method X

Surface Curvature

F(1.43,21.47) =5.75,p = PM:R=45mm > R =60
017, 7% =0.277 mm (*), R = 75 mm (**)
F(3,45) = 6.10, p = .001, R =45 mm > R = 60 mm

n% =0.289

(*), R =75 mm (%)

F(3,45) = 9.27, p < .001, R =45mm < R = 60 mm

n? =0.382

("), R = 75 mm (%), Flat (%)

F(3,45) = 6.44, p = .001, R =45 mm < R = 60 mm

7% =0.300

(**), R = 75 mm (**), Flat
")

F(2,30) = 8.81, p < .001, PM:R =60 mm (**),R =

7% =0.370

75 mm (*) > R = 45 mm

Task Performance - Tap

( Curvature
2.0
0.6 -
€ =3 .-
£ £ 0.4
oS 1 =
& —e 1} W
q 10 - * rall 0.2
oy S ’
15} RN )
0 . 0 r
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45mm 60mm 75mm flat

N A —~—

45mm 60mm 75mm flat

Fig. 5. Results of Spread and Offset of Tap task for Surface Curvature. Significant pairwise comparisons are indicated by

*(p<.05), **(p< .01), or ***(p< .001). All error bars depict +standard error.

Surface Curvature X Target Distance interaction for wrist movement(F(3,45) = 6.64, p < .001, 5° = 0.307)
suggested that wrist movement decreased as surface curvature decreased under the far condition.

For the angle range of MCP joint, a significant Surface Curvature X Target Distance interaction was also
observed (F(1.75,26.30) = 4.35, p = .027, 172 = 0.225). The post-hoc test suggested that under the far condition,
MCP movement increased on lower-curvature surfaces. For the angle range of the DIP joint, the main effect of
Cursor Mapping Method (F(1,15) = 12.69, p = .003, n? = 0.458) and a significant Cursor Mapping Method x Surface
Curvature interaction (F(1,15) = 4.96, p = .014, n? = 0.249) were found. Post-hoc test showed that Projection-
based Mapping produced a larger DIP angle range than Distance-based Mapping at the R = 45mm surface.

No significant effects were found for clutching count and clutching length in the Drag task (Fig. 9).
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Task Performance - Drag

< Mapping Method x Curvature ) (Mapping Method)

55 5.5 55

m *

=y 5.0 501 ¢ ' 5.07

) = ¥

PN 4.5 4.5 4.5+

2 /&—i I

o 407 4.0 4.0

> L

2 N NN\

- ‘NW\ NN\ .

g b s
\ N\ ~~ (' \ M\ —~—— DM PM
45mm 60mm 75mm 45mm 60mm 75mm flat

PM (Projection-based Mapping) [l DM (Distance-based Mapping)

Fig. 6. Result of Throughput of Drag task in various factors. Significant pairwise comparisons are indicated by *(p<.05),
**(p< .01), or ***(p< .001). All error bars depict tstandard error.

5.2.2  Trace Task. In the Trace task, movement range (Fig. 10) again showed clear curvature-dependent differences.
Main effects of Surface Curvature were observed in the angle range of PIP(F(2.03,30.52) = 12.16, p < .001, n* =
0.448) and MCP(F (3, 45) = 4.70, p = .006, 5> = 0.238) joints and in the total movement of the wrist(F(3, 45) = 28.18,
p < .001, n2 = 0.653). Post-hoc tests revealed that for both finger joints, the range of motion increased as surface
curvature decreased, whereas for wrist movement, the range of motion decreased as surface curvature decreased.
No significant effects were found for DIP joint movement.

For the angle range of MCP joint, an interaction between Surface Curvature x Target Distance and Cursor
Mapping Method x Surface Curvature was also found. These interactions suggested that the angle range of
the MCP joint increases on lower curvature surfaces under the far condition and the Distance-based Mapping
condition, respectively. A significant Surface Curvature x Target Distance interaction was also observed for wrist
movement (F(2.03,30.52) = 16.36, p < .001, 172 = 0.522). The post-hoc test revealed that, although the degree of
change in wrist movement based on curvature varies depending on the target distance, the general trend that
movement decreases as surface curvature decreases remains consistent.

Clutching behavior in the Trace task (Fig. 11) also varied across conditions. Clutching distance showed a
significant main effect of Surface Curvature (F(3,45) = 3.66, p = .019, > = 0.196), although no pairwise
comparison reached significance. A significant Surface Curvature X Target Distance interaction was observed
(F(3,45) = 7.28, p < .001, n? = 0.327). Post-hoc test results showed that clutching distance increased significantly
as surface curvature decreased under the near condition. For clutching count, the main effect of Cursor Mapping
Method (F(1,15) = 10.77, p = .005, n? = 0.418) was found. Post-hoc test suggested that Project-based Mapping
resulted in a higher number of clutchings than Distance-based Mapping. Main effects of Surface Curvature
(F(3,45) =3.25, p = .030, ° = 0.178) and significant interactions of Cursor Mapping Method x Surface Curvature
(F(2,30) = 3.58, p = .040, n* = 0.193) and Cursor Mapping Method x Target Distance (F(1,15) = 8.58, p = .010,
n? = 0.364) were also found but post-hoc test did not find pairwise differences.
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Task Performance - Trace
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Fig. 7. Result of Movement Variance (MV) and Movement Error (ME) of Trace task in various factors. Significant pairwise
comparisons are indicated by *(p<.05), **(p< .01), or ***(p< .001). All error bars depict +standard error.

5.3 Subjective Evaluation

Subjective evaluation result revealed consistent differences in usability and preference across surface curvature
and cursor mapping conditions (Fig. 12, Table 5).

5.3.1 Workload. For overall workload (raw NASA-TLX), Surface Curvature showed a significant main effect on
workload (F(3,45) = 6.10, p = .001, n? = 0.289). Post-hoc tests suggested that surfaces with the highest curvature
result in a higher workload than other curved surfaces. A significant interaction between Cursor Mapping Method
and Surface Curvature (F(1.43,21.47) = 5.75, p = .017, 5? = 0.277) indicated that such a tendency occurs under
the Projection-based method.

5.3.2 Satisfaction and Ease of Use. Both Satisfaction (F(3,45) = 9.27, p < .001, 5> = 0.382) and Ease of Use
(F(3,45) = 6.44, p = .001, n* = 0.300) showed a significant main effect of Surface Curvature. Post-hoc test results
showed that the R = 45mm surface had significantly lower scores for both Satisfaction and Ease of Use compared
to other surfaces.

A significant Cursor Mapping Method X Surface Curvature interaction was found for Ease of Use (F(2, 30) = 8.81,
p < .001, »? = 0.370). Within the projection-based method, the R = 45mm surface was found to be more difficult
to use than other curved surfaces.
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Fig. 8. Movement range data segmented by Surface Curvature and Cursor Mapping Method for Drag task. Significant pairwise
comparisons are indicated by *(p<.05), **(p< .01), or ***(p< .001). All error bars depict +standard error.

6 DISCUSSION
6.1 Effect of Surface Curvature

Surface curvature had a substantial impact on user’s behavioral pattern, task performance, and perceived usability.

Behavior Pattern Our analysis of finger joint articulation and wrist motion during the Drag and Trace tasks
revealed a consistent effect of surface curvature. As curvature increased, the range of motion of the finger joints
decreased, whereas wrist movement increased across both tasks. This pattern suggests that users adopted different
movement strategies depending on surface curvature(Fig. 13).

Under high curvature conditions, participants tended to keep their fingers extended and relatively fixed, moving
the hand as a whole to perform input. This strategy can be interpreted as an attempt to maintain the orientation
of the contact plane between the fingertip and the surface parallel to the surface normal, thereby enhancing
input stability. In contrast, on gently curved surfaces, the orientation of the contact plane remains relatively
consistent regardless of hand position. As a result, participants were less required to actively align their hand
orientation, allowing them to minimize whole-hand motion and rely primarily on finger joint articulation. This
strategy likely reduced physical effort and task load.

Differences in movement strategies across curvature conditions were also reflected in clutching behavior. In
the Drag task, where target distances were short and trajectories were linear, no significant effects of curvature
were observed, as clutching was rarely required. In contrast, the Trace task exhibited a significant interaction
between surface curvature and target distance, yielding two key insights.

First, the maximum distance that users could traverse stably in a single motion increased as surface curvature
decreased. In the Near condition, the average number of clutches remained below two across all curvature levels,
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Fig. 9. Clutching behavior data segmented by various factor for Drag task. Significant pairwise comparisons are indicated by
*(p<.05), **(p< .01), or ***(p< .001). All error bars depict +standard error.

indicating that participants attempted to complete the task with a single continuous movement whenever possible.
Notably, the clutching distance in this condition increased significantly with decreasing curvature, suggesting
that lower curvature enables a longer stable movement range.

Second, users exhibited different clutching strategies depending on curvature. In indirect touch scenarios
where the users don’t see their hand and surface during interaction, increasing curvature makes it more difficult
for users to estimate the spatial relationship between the fingertip and the surface when the hand is lifted.
Consequently, repositioning the finger incurs a higher cognitive cost on the high curvature condition. Therefore,
participants appeared to move their cursor as far as they could stably travel in a single motion, regardless of
the required target distance. On the flat surface, however, users approached clutching differently depending on
the target distance. They avoided clutching intentionally for Near conditions, but actively utilized clutching
at Far conditions, dividing input into shorter segments. This is observed in the fact that the average clutching
distance under Near conditions is approximately twice that under Far conditions on flat surfaces. In summary,
on low curvature surfaces, participants flexibly integrated clutching as part of their input strategy, while on
high curvature surfaces, they showed reduced flexibility in clutching behavior. This tendency explains why the
difference in clutching distance based on target distance tends to decrease as curvature increases.

When these two effects, which have opposite influences on the clutching count, are combined, the overall
clutching count showed no difference based on curvature.

Task Performance A significant performance degradation was observed only at the highest curvature
condition (R = 45mm) across all tasks. No significant differences were found among the remaining curvature
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Fig. 10. Movement range data segmented by Surface Curvature and Cursor Mapping Method for Trace task. Significant
pairwise comparisons are indicated by *(p<.05), **(p< .01), or ***(p< .001). All error bars depict +standard error.

levels. These results suggest that performance degradation became most evident at the highest curvature condition
(R = 45mm), whereas the lower curvature conditions tested here remained closer to the flat baseline.

A particularly notable finding emerged when comparing our results for the spread in the tap task with prior
work on direct touch interaction on similar convex hemispherical surfaces. Prior work [38] reported that, in
direct touch on convex curved surfaces, spread decreased as curvature increased. The authors explained this
result by suggesting that users can adjust finger posture, thereby reducing fingertip contact area on a higher
curvature surface during tapping and achieving higher precision. In contrast, in the indirect-touch condition
examined in this study, spread showed the opposite tendency, increasing as curvature increased(Fig. 14).

We believe that this discrepancy can be explained by the curvature-dependent behavior pattern changes in the
indirect touch scenario observed in our study. In direct touch scenarios, a previous study attributed the reduced
spread on highly curved surfaces to a smaller contact area between the fingertip and the surface. However, this
assumes that users can freely adjust finger posture to minimize contact area during target acquisition. [38] In
an indirect touch scenario, users tend to maintain a fixed finger posture and rely on whole-hand motion under
high curvature conditions as observed in our behavioral pattern analysis. Thus, users may poke targets with a
precision-oriented finger posture on lower curvature surfaces, but they press targets with a fixed posture on
higher curvature surfaces, leading to a larger contact area between the fingertip and the surface.

Consequently, larger effective target sizes may be needed as surface curvature increases in indirect touch
scenarios, in contrast to prior findings for direct touch scenarios. This result also suggests that design guide-
lines derived from direct touch curved interfaces may not directly apply to indirect touch interaction in XR
environments.
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Fig. 11. Clutching behavior data segmented by various factor for Trace task. Significant pairwise comparisons are indicated
by *(p<.05), **(p< .01), or ***(p< .001). All error bars depict +standard error.

Subjective Evaluation Surface curvature also had a pronounced effect on perceived usability. The results
indicate that the highest curvature condition (R = 45mm) led to significantly higher workload and lower
satisfaction and ease-of-use ratings compared to all other conditions. No significant differences were observed
among the remaining curved surfaces (R = 60mm, R = 75mm) and the flat condition. These findings align with
the performance results and suggest that the lower curvature conditions tested here were comparable to the flat
condition contrary to highest curvature condition, from both objective and subjective perspectives.

6.2 Effect of Cursor Mapping Method

Compared to surface curvature, the effects of the cursor mapping method were relatively limited. No significant
performance or subject usability differences were found in the Drag and Trace tasks.

Subjective usability measures did not reveal a clear main effect of the mapping method. Differences in workload
and Ease of Use appeared only in specific contexts, which are further discussed in terms of interaction effects
with surface curvature. Overall, these results suggest that the cursor mapping method does not exert a strong
independent influence on task performance or general usability, and that neither perceptual model is universally
dominant across curvature conditions.

Behavior pattern metrics showed similarly limited effects. Only the range of motion of the DIP joint in the
Drag task differed significantly between mapping methods, while no significant differences were observed for
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Fig. 12. Subjective evaluation results, illustrating users’ perceived Workload, Ease of Use, and Satisfaction. Clutching behavior
data segmented by various factors. Significant pairwise comparisons are indicated by * (p<.05), ** (p< .01), or *** (p< .001).
All error bars depict +standard error.

other joints or wrist motion. The only statistically significant result in the clutching-related metrics was that
the number of clutches was higher when using the Projection-based Mapping in the Trace task compared to
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High curvature surface Low curvature surface
i =

(Wrist Movement A) (Finger Joint Rangev) (Wrist Movement v) (Finger Joint RangeA)

Fig. 13. Input strategy users employ change depending on surface curvature. On high curvature surfaces, users perform
input by moving their entire hand while keeping their fingers in a stretched, fixed position. Conversely, on low curvature
surfaces, input is performed by utilizing finger joints while minimizing overall hand movement.

Direct touch (prior study) Indirect touch (This study)
users freely adjust finger posture users adjust finger posture on
on any surface low curvature surface only

higher curvature - smaller contact area higher curvature - larger contact area

Fig. 14. In direct touch, users can freely adjust their finger posture to reduce contact area as curvature increases. In contrast,
indirect touch fixes finger posture under high curvature conditions, relying instead on whole-hand movement, which increases
contact area. Thus, unlike direct touch, the Tap spread, which represents the minimum button size, increases as surface
curvature increases in indirect touch scenarios.

the Distance-based Mapping. This is because the Projection-based Method causes the cursor to move a shorter
distance for the same amount of finger movement, which may require users to perform more clutching.

6.3 Interaction between Surface Curvature and Mapping Method

Although no significant interaction effects between surface curvature and mapping method were found for
performance metrics, such interactions emerged in both behavioral pattern and subjective usability measures.
For example, in the Drag task under the R = 45mm condition, the Projection-based Mapping resulted in increased
DIP joint motion. In the Trace task, an interaction effect was observed in the MCP movement range. Generally,
as curvature increased, MCP movement decreased. However, this decrease was less pronounced when using
Projection-based mapping. It suggests that using Projection-based Mapping on high curvature surfaces may
require additional movement compared to Distance-based Mapping.

Subjective evaluations were consistent with these behavioral patterns. Significant interactions between sur-
face curvature and cursor mapping method were observed for Ease-of-use and workload ratings. When using
Projection-based Mapping, the workload increased significantly, and ease of use decreased as curvature increased,
but when using Distance-based Mapping, there was no significant usability decrement based on surface curvature.
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Actual finger movement ————— Projected trajectory

Fig. 15. In the Projection-based Method, as surface curvature increases, the finger moves along a 3D path following the
curved surface (red), but cursor movement is determined based on the trajectory projected onto a plane (blue). This causes
the geometric mismatch between the actual distance traveled by the finger and the amount the cursor moves to grow as
curvature increases.

These results suggest that Projection-based Mapping may amplify both visual distortion and motor mismatch in
highly curved environments, thereby degrading user experience (Fig. 15).

In summary, interaction effects between surface curvature and cursor mapping method were primarily observed
in behavioral patterns and subjective usability rather than task performance. Projection-based mapping resulted
in reduced usability and increased motion range on high curvature surfaces, whereas distance-based mapping
did not show the same usability decrement based on surface curvature.

7 DESIGN GUIDELINE AND APPLICATIONS
7.1 Design Guideline

Based on the findings of this study, we propose a set of design guidelines for indirect touch interaction on curved
surfaces in XR environments. For most performance and usability metrics, the results generally fell into two
groups: the highest curvature condition (R = 45mm) and the low curvature conditions (R = 60mm, 75mm, co).
Accordingly, in the following guidelines, we refer to these two groups as high curvature surfaces (R < 45 mm)
and low curvature surfaces (R > 60 mm).

(1) Interaction Type On low curvature surfaces, users primarily articulate finger joints to drive cursor
movement, enabling precise interaction with relatively low physical effort. In high curvature cases, users
keep the finger posture relatively fixed and instead rely on whole-hand motion to maintain stable contact,
thereby increasing the physical workload.

Therefore, high curvature surfaces are may be better suited to simple and short interactions, such as
confirmation or undo. Interactions that require precision or prolonged use may be placed on low curvature
surfaces.

(2) Button Size The effect of curvature on button size differs between direct and indirect touch. Prior work on
direct touch on curved displays reports that higher curvature reduces fingertip—surface contact area. That
is, as the surface curvature increases, the minimum button size decreases. However, the opposite trend was
observed in our indirect touch situations. Since users cannot visually perceive the physical surface, they
adopt different motion strategies depending on curvature. They rely on finger joint movements to perform
precise taps on low curvature surfaces, while maintaining a fixed finger posture on high curvature surfaces.
Consequently, the effective contact area appears to increase with curvature in our indirect touch scenario.
Therefore, larger buttons may be needed on highly curved surfaces for indirect touch. For direct touch,
prior work suggests a different trend.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 10, No. 2, Article 52. Publication date: June 2026.



52:24

Lee et al.

A. XR Drawing Environment B. On-Thigh QWERTY Keyboard
Desk : Main Drawing Pad | Thigh : Tool Palette

/

Larger key size

Fig. 16. Application examples of the curved-surface touch design guidelines. (a) XR drawing environment distributing
interface elements across multiple everyday surfaces with different curvature characteristics. Flat and mildly curved surfaces
support precise and continuous interactions, while steeply curved surfaces are reserved for simple, quick actions and use
distance-based cursor mapping. (b) On-thigh QWERTY keyboard for indirect touch input, where key size increases toward
regions with higher surface curvature to compensate for reduced tapping precision.

(3) Interaction Area Repositioning the finger induces a higher cognitive load on high curvature surfaces

than low curvature surfaces. It makes users may become less willing to rely on clutching flexibly. They
instead attempt to move as far as possible within a single stable reach. Therefore, it may be beneficial to
keep the interaction area relatively small where the cursor moves to a small region when the interface
controlled by high curvature surfaces. This allows users to maintain stability while using the interface
without clutching. On low curvature surfaces, users can freely utilize clutching and comfortably cover a
wider area, enabling support for a larger interaction area.

(4) Cursor Mapping Method In the case of distance-based mapping, there was no difference in usability

7.2

based on surface curvature, but in the case of projection-based mapping, significant differences in usability
were observed depending on curvature. Projection-based mapping worked effectively on planar and low
curvature surfaces. Yet on high curvature surfaces, the workload increased due to discrepancies between
visual feedback and proprioceptive cues. Distance-based mapping reduces this mismatch and maintains the
usability on high curvature surfaces. Therefore, distance-based cursor mapping may be a better option for
high curvature surfaces.

Application

This section presents illustrative example interfaces that apply our proposed design guidelines to touch interaction
on curved everyday surfaces in XR. These examples demonstrate how design choices, such as interaction type,
button size, interaction area, and cursor mapping, can be informed by practical interface guidelines.
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These application examples are intended to illustrate conceptual examples based on current research findings
rather than serving as empirically validated interface guidelines for actual body parts. In this section, we arbitrarily
assumed the thigh to be a “low-curvature surface” and the knee or forearm to be a “high-curvature surface” to
demonstrate actual interface design guidelines; however, further verification is needed to determine what type of
surface these areas actually correspond to.

7.2.1  XR Drawing Environment. The first example considers an XR drawing environment (Fig. 16-A). The interface
is distributed across multiple physical surfaces with varying curvature characteristics.

A flat surface (e.g., a desk) is used as the main drawing pad, because it supports finger-based input with high
precision and low physical effort. This surface supports continuous and fine-grained interactions such as drawing
and tracing. In this conceptual example, a low-curvature body-related surface such as the thigh is used for tool
selection and parameter adjustment. It requires moderate precision, but the interaction frequency is lower than
that of a sketch plane. A moderately curved body-related surface, such as the arm, can be used for the color palette
with distance-based mapping. A more highly curved body-related surface, such as around the knee, is reserved for
simple and short interactions such as quick actions (e.g., save, undo/redo, exit). As experimental results indicate
that high curvature constrains finger articulation and induces whole-hand movement with increased workload,
these surfaces are utilized for simple essential interactions.

This interface layout demonstrates how interaction complexity can be gradually reduced as surface curvature
increases, while the cursor mapping strategy is adapted to maintain usability.

7.2.2  On-Thigh QWERTY Keyboard. The second example illustrates a on-the-thigh QWERTY keyboard designed
for text entry in situations where a desk is unavailable, such as while seated on public transportation (Fig. 16-B).

The keyboard primarily occupies the central region of both thighs, which is treated as a relatively lower-
curvature area. In that area, finger joint movement is relatively free, allowing for long-term and precise input.
Therefore, this area is suitable for interactions requiring prolonged use, such as typing. The interface curvature
may increase toward the outer regions of the thighs. Thus, the key size is gradually enlarged to compensate for
reduced tapping precision. This design reflects the finding that higher curvature leads to increased tap spread in
indirect touch scenarios.

8 LIMITATIONS AND FUTURE WORK

The effective curvature of non-spherical curved surfaces varies continuously depending on the direction of
the user’s movement, including cylindrical geometries. Since users’ input directions and movement strategies
dynamically evolve during task execution in indirect touch, it becomes difficult to isolate curvature effects as an
independent variable. For this reason, we chose spherical surfaces with uniform curvature in all directions as the
experimental substrate in this study.

Although this design choice is an intentional simplification for systematic control, many real-world surfaces,
including the human body, are closer to cylindrical or asymmetric geometries than spherical ones. As a result,
this study does not fully capture the diversity of curved surfaces encountered in everyday interaction. Future
work should therefore extend the study’s scope beyond surface curvature to include surface shape. Examining
cylindrical and asymmetric surfaces may reveal additional constraints and interaction strategies that are not
observable under uniform spherical curvature.

Another limitation lies in the experimental setup used for touch detection and touch-point estimation. To
ensure robust real-time touch event detection across all surface conditions, we used capacitive sensing, while
touch location was approximated from the marker’s position attached above the participant’s index fingernail at
the moment of contact. As a result, the setup constrained the interaction primarily to single-finger touch and
did not allow us to examine more natural contact strategies, such as resting the thumb or another finger on
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the surface for stabilization during continuous input, or multi-touch interaction. In addition, since the touch
location was estimated indirectly from the fingernail marker position. This may have introduced a mismatch
between the measured and actual touch locations, particularly when finger posture or contact angle varied across
curvature conditions. Future work should investigate curved-surface interaction using sensing approaches that
more directly capture the contact point and allow a wider range of natural hand postures.

In addition, as this study assumes that any everyday surface can serve as an input surface in XR, the user’s
posture based on various surface positions remains an important factor for further exploration. In this study,
participants engaged in interactions while seated at a desk and using curved surfaces parallel to the ground. It
would be valuable to investigate how curvature effects change when users are standing or when surfaces are
oriented vertically relative to the ground. Comparing such conditions could provide further insights into how
surface geometry, body posture, and input strategies jointly affect indirect touch interaction in XR environments.

9 CONCLUSION

We investigated how surface curvature and cursor-mapping strategies influence user performance, behavioral
patterns, and usability in indirect touch interaction for XR environments. Surface curvature plays a central
role in shaping task performance and usability across task types. In particular, we found that the curvature
threshold exists between R = 45mm and R = 60mm, where pronounced performance degradation and reduced
usability emerged. In contrast, under milder curvature conditions (R < 60mm), task performance, usability and
behavioral characteristics remained comparable to those on flat surfaces. Surface curvature also changes users’
input strategies. On flat and mildly curved surfaces, users relied on finger joint movement to perform input.
As curvature increased, however, users adopted whole-hand movement strategies to maintain stable contact.
The effect of the cursor mapping method was observed when it was combined with surface curvature. Under
high curvature conditions, the Distance-based mapping supported more stable and consistent input than the
Projection-based mapping. The design guidelines derived from this study provide an initial empirical basis for
developing more ergonomic and robust XR indirect touch interfaces for curved surfaces.
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