GeoCtrl: Finger-based Geometric Mapping and Speed-Adaptive Gain
for In-Hand Object Rotation in AR/VR
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Figure 1: GeoCitrl enables dexterous in-hand rotation of a virtual object through finger-level geometric mapping: (a) while the
normal virtual hand is visible to the user, (b) an internal reference triangle is formed based on three fingertips, including thumb,
index, and middle, which convert geometric changes in finger configuration into the virtual object’s rotation. (c) When the user
traces the desired motion of the object with fingers, (d) the orientation and morphology changes of the reference triangle are
directly applied to the object’s rotation. GeoCtrl supports gestural approximations without requiring precise motor control.

ABSTRACT

We propose a geometry-based virtual object rotation technique
that leverages triangular configuration of fingertips and a speed-
responsive Control-Display (CD) gain. Rather than replicating real-
world physics which often lead to unnatural mid-air behavior in the
absence of physical feedback, we leverage finger-level geometry
to enable low-effort object rotation. We map the orientation and
morphology of a triangle formed around fingertips directly to the
object’s rotation, assuming that users tend to trace the object’s in-
tended motion when physical constraints are missing. To enhance
the proposed interaction and accommodate natural motor limits,
we implement an adaptive CD gain that scales geometric input ac-
cording to the fingertip movement speed. In a user evaluation, our
method yielded shorter task completion time than physics-based ro-
tation, though longer than a commodity hand-interaction technique,
while significantly reducing physical demand relative to both refer-
ence conditions without increasing overall workload. We demon-
strate that geometry-driven mapping and dynamic gain adaptation
enable low-effort, finger-level rotational control of virtual objects
in immersive environments.

Index Terms: Dexterous Manipulation, Object Rotation, Hand
Interaction, 3D Interaction Techniques, Adaptive Control-Display
Gain, Virtual and Augmented Realities
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1 INTRODUCTION

Advancements in visualization technologies for Augmented Real-
ity (AR) and Virtual Reality (VR) have paved the way for profes-
sional XR applications within increasingly complex 3D environ-
ments. For instance, tasks that demand high precision and fidelity,
such as surgical simulations, immersive education, and assembly of
industrial machinery, now necessitate interaction with digital assets
at a granular level. While these professional scenarios require pre-
cise and dexterous manipulation, current interaction techniques of-
ten fall short when handling intricate virtual objects. As controller-
free, bare-hand interaction becomes central to the scalability and
accessibility of XR, intuitive techniques that support dexterous ro-
tation of virtual objects remain an essential challenge.

To achieve realistic in-hand manipulation, previous studies have
largely focused on high-fidelity physics simulation that replicates
real-world constraints such as friction, gravity, and collisions [19,
22, 53]. Recently, Lougiakis et al. [33] (publicly available hand
physics simulation systems) constructed interlinked articulations on
the NVIDIA PhysX 4 engine to robustly model realistic interaction
with virtual objects. However, these models often result in an inter-
action gap in mid-air XR environments, where the essential haptic
cues and physical support of a real object are absent, even with an
advanced physics engine. Without the necessary tactile feedback,
users struggle to execute the delicate finger coordination required
by physics engines [9], leading to unstable and unintuitive rotation.

Instead, we propose GeoCltrl, a geometric rotation technique that
enables mid-air finger manipulation without demanding exact mo-
tor precision. We derived our method from the observation that
without physical supports, users tend to gesturally represent the ob-
ject’s intended motion with their fingers [1, 43]. For instance, a
user’s fingertips might collectively trace a clockwise arc when in-
tending to rotate a virtual object clockwise. Our system forms an
imaginary reference triangle using three fingertips, which are the



minimum required for a stable grasp, and directly maps these geo-
metric changes to the transformation of the virtual object. The pro-
posed mechanism alleviates the user’s burden of replicating exact
physical behaviors by accommodating coarse gestural approxima-
tions of the desired rotation.

To enhance the efficiency and controllability of the geometric
mapping mechanism, we implemented a speed-responsive CD gain
that adapts to fingertip movement speed. While a direct, unmodi-
fied mapping provides a realistic illusion, it may not be the most
efficient way to rotate a virtual object. Drawing on prior work
in traditional 2D and recent 3D interaction that utilizes adaptive
CD gain [39, 49, 59], we expected the CD gain adaptation would
enhance both interaction controllability and efficiency. Through a
controlled study, we empirically identified the CD gain curve that
best facilitates both the ballistic and corrective phases of rotation.

We conducted a within-subject user evaluation with 24 partici-
pants, comparing GeoCtrl against a physics-based hand interaction
system and a commodity hand interaction system on a dexterous
object docking task. GeoCitrl significantly reduced task completion
time compared to the physics-based system, confirming that geo-
metric mapping provides more effective rotational control in the ab-
sence of haptic feedback. In terms of perceived workload, GeoCtrl
imposed significantly lower physical demand than both reference
conditions, highlighting the advantage of finger-level dexterous in-
teraction. These results suggest that GeoCtrl offers more efficient,
lower-effort finger-level rotational control, complementing rather
than replacing commodity hand interaction.

Our contribution lies in the proposal and validation of a
geometry-driven manipulation technique, as well as the implemen-
tation and exploration of a dynamic CD gain suitable for the pro-
posed method. We expect this technique to help connect fine finger
coordination with dexterous manipulation in XR. In the following
sections, we elaborate on the geometry mapping and CD gain adap-
tation mechanisms. Also, we describe the experimental exploration
of the gain curve and report comparative results against the existing
standard method and recent physics-based rotation methods.

2 RELATED WORKS
2.1 Rotation Techniques for Virtual Objects

Rotation of virtual objects has long been a challenging problem in
3D interaction, with common approaches relying on gizmo-based
interfaces or handheld controllers [20, 49]. Various conventional
input modalities have been explored for 3D object manipulation,
including mouse, touch, and tangible input [4] and rolling input
devices [44]. In particular, direct-touch techniques for 3D manip-
ulation on 2D surfaces provide well-established examples of map-
ping finger contact coordinates from the input space into a distinct
virtual output space [48, 35, 17]. Custom transformation axes for
degree-of-freedom separation [36], pin-based constrained manipu-
lation [16], and adaptive scaled mapping [49] have also been pro-
posed to improve precision of rotation with controllers.

To enable more dexterous in-hand rotation, dedicated haptic and
tangible input devices have been proposed. Most approaches in-
clude finger-level haptic sensation with a graspable controller [31,
32] or ball-shaped controllers [27, 28, 51] to leverage real-world
hand dexterity. Tangible proxies such as spherical objects and ev-
eryday items have also been employed as passive controllers for
object manipulation in AR [11, 12]. However, previous approaches
require hardware beyond bare hands, leaving finger-level rotation
without physical support underexplored.

The closest bare-hand work investigates the degree-of-freedom
separation between finger and wrist. This reflects a similar prin-
ciple to constraint-based approaches [37], but does not specifically
address fine-grained in-hand rotation. More broadly, most bare-
hand finger interaction techniques target system control tasks such
as interface navigation and indirect pointing [26, 29], rather than

object manipulation. GeoCtrl addresses this gap by introducing a
geometric mapping that translates finger movements directly into
in-hand object rotation without requiring physical hardware.

2.2 Realistic Interaction and Physics Simulation

Physics simulation is considered the most natural approach for
bare-hand interaction with virtual objects, aiming to replicate real-
world dynamics without additional hardware. These simulations
model soft tissue deformation [21, 23, 55], contact constraints [53],
and friction to replicate real-world hand-object interaction [19, 22].
However, achieving realistic physics behavior depends on users
producing precise contact forces and finger configurations that oc-
cur naturally only in the presence of physical resistance. Without
haptic feedback, users cannot replicate the precise motor behaviors
these engines assume [9], resulting in artifacts such as interpene-
tration and unstable object trajectories. Consequently, few physics
solutions have proven usable in practice [10, 33].

To bridge this gap, researchers have explored substitutes such as
visuo-haptic cues that simulate contact [41] and algorithmic grasp
generation that synthesizes plausible contact configurations [24,
54]. Yet none fully compensates for the absence of physical con-
tact during object manipulation. Rather than replicating constraints
users cannot feel, GeoCtrl accommodates coarse gestural approxi-
mations through geometric mapping, eliminating the burden of ex-
act behavior reproduction.

2.3 Control-Display Gain for 3D Interaction

The concept of CD gain has long been used to overcome the limits
of human motor control, facilitating faster and more precise tar-
get acquisition and object manipulation. CD gain has been stud-
ied in both 2D pointing tasks [8, 13] and 3D interaction [14, 45].
More recently, CD gain has been employed in fine-grained 3D
selection and manipulation tasks, including precise direct selec-
tion [59], multi-target interaction [25], and force-modulated ray-
casting [42]. Beyond pointing and translation, CD gain has also
been applied to 3D rotation where non-isomorphic rotational map-
pings were shown to reduce task completion time without loss of
accuracy [47, 46]. PRISM interaction demonstrated scaled rotation
of virtual objects [15], and AMP-IT applied adaptive scaled map-
ping to high-precision 3D manipulation tasks [49]. However, exist-
ing rotational gain techniques relied on physical devices or hand-
level object manipulations. GeoCtrl introduces a relationship be-
tween finger movement and in-hand object rotation, applying the
concept of CD gain on dexterous finger-level interaction.

In terms of gain function design, some systems employ a fixed
gain for predictable, stable interaction [8, 13, 42], while oth-
ers use adaptive gain that adjusts to the interaction context, such
as target proximity [5], target distance [45], or hand configura-
tion [25, 59]. Among adaptive strategies, speed-responsive gain
is the most prevalent approach, grounded in the natural duality of
human movement [14, 30, 56]. Users move faster during the bal-
listic phase for coarse adjustments and slower during the corrective
phase for fine corrections, following the two-phase model of mo-
tor control [40]. While speed-responsive gain has been extensively
studied for pointing and translation, its application to finger-level
rotation remains underexplored. GeoCtrl extends these principles
with behavior-responsive gain adapting to fingertip speed, specif-
ically targeting finger-level virtual object rotation. By tuning the
gain curve to facilitate ballistic and corrective phases, we enhance
dexterous control without sacrificing efficiency.

3 SYSTEM DESIGN

3.1 Geometry-based Rotation

GeoCtrl provides an intuitive in-hand rotation technique for virtual
objects without requiring exact replication of real-world behaviors.
In the absence of physical support and tactile feedback, a user’s



pindex

Pmiddle

Pthumb
(b)

dmdex = forward

Y Y

d index X dmiddle = normal = offset

(© (d)

Figure 2: Geometry-based rotation mechanism: (a) a grab is initiated with three fingers, (b) the fingertips form a reference triangle, (c) its
orientation Qqrientation 1S Set by the forward vector djygex and the normal digex X dmidadie; @nd (d) the offset Qe Y the angle 6 between d;,gex and
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finger coordination can easily conflict with the virtual object’s con-
straints, leading to deviations from reality such as interpenetration.
Consequently, users struggle to perform the precise motor actions
required by physics simulations, leading to unintended transforma-
tions and diminished interaction quality. To bridge this gap, we
propose a geometric mechanism that maps fingertip configurations
directly to the virtual object’s orientation.

Our approach assumes that users gesturally represent an object’s
intended motion when physical proxies are missing. For instance, a
user would trace a clockwise arc with their fingertips to indicate an
intent to rotate a virtual object clockwise along the corresponding
axis. While various hand postures can hold small objects, we focus
on the three-fingered precision pinch, the minimal configuration af-
fording stable grasp control [34, 58], using the thumb, index, and
middle fingers as reference points.

When the user initiates a grab gesture with the three fin-
gers (Fig.2(a)), an imaginary reference triangle is formed by the
coordinates of the three fingertip (Fig.2(b)). To ensure interac-
tion stability, a 1-Euro filter [7] is applied on each fingertip po-
sition to mitigate tracking jitter (f, = 3.0, B = 0.66). The initial
orientation of the triangle, Qqrientation 1 then determined by a for-
ward vector dipgex = Norm(pindex — Pthump) and a normal vector de-
rived from the cross-product of djpgex and dyigdie = norm(pmiddie —
Pihumb) (Fig.2(c)). Acknowledging the convention that the thumb
plays a dominant role in hand activities, we designated the thumb
as the anchor point for these geometric calculations.

However, Qgrientation alone does not capture the in-plane mo-
tion of the middle finger. When ppigqie moves within the trian-
gle’s plane, both the forward vector dj,gex and the plane normal
dingex X dmidgle remain unchanged, leaving Qgientation Unaffected.
To fully integrate the movements of all three fingertips, we intro-
duce an additional "offset” calculation to account for morphological
changes in the triangle. The angular displacement of dy;qqe relative
to djnqex is used to derive a rotation along the normal axis, denoted
as Qoffset (Fig.2(d)). The final geometry of the reference triangle is
represented by the combined quaternion Qcurr = Qorientation * Qoffsets
ensuring that both the spatial orientation and the internal configura-
tion of the fingers affect the result. When the middle finger instead
moves purely along dyjqqie, radially relative to the thumb, the di-
rection of dmiddle is preserved, SO Qorientation, Qoffset’ and Qcyr all
remain unchanged. By design, such radial extension induces no
rotation.

The relative rotation between consecutive frames, defined as
AQ = Qcurr * Q;rév, is directly applied to the virtual object’s trans-
formation such that Qopj, curr = AQ * Qob;, prev- Unlike force-based
models, this mapping remains robust even when users perform
coarse or relaxed movements that would otherwise cause stability
issues in physics engines. All calculations are performed in the
local wrist coordinate frame to decouple finger manipulation from
wrist rotation. The object’s own orientation serves as continuous
feedback of rotation progress, and no separate visual rotation indi-
cator is provided.

3.2 Adaptive Control-Display Gain

In both traditional 2D and contemporary 3D interfaces, the appli-
cation of CD gain is a well-established method for mitigating the
inherent limitations of human motor control [8, 13, 42]. Adaptive
CD gain, in particular, benefits users by facilitating both a rapid
approach to a target and high-precision adjustments [25, 45, 59].
While GeoCtrl maintains a realistic illusion, the mapping does not
require a 1:1 ratio, and CD gain integration can further enhance
efficiency and controllability.

Speed-responsive CD gain has been frequently proposed across
various interaction paradigms to optimize performance based on the
user’s operation speed [14, 15, 30, 49, 57]. The core principle of
such mechanisms relies on the duality of human movement. Users
typically exhibit high speed during the ballistic stage for large-scale
adjustments and lower speed during the corrective stage for fine-
tuning. Consequently, high fingertip speeds trigger higher gains
for large-scale rotations, whereas slower movements allow for fine
adjustments.

To implement this speed-responsive CD gain, we adopted a sig-
moid function modeled after prior literature [39, 56]:
8max — &min ()
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where v represents the maximum speed among the three finger-
tips in each frame, and k controls the steepness of the gain tran-
sition. To apply the gain, the rotational increment AQ is con-
verted into an angle-axis representation, where the angle is scaled
by g(v) to produce the modulated transformation AQ,. This re-
sulting transformation is then applied to the object’s orientation,
Qobj, curr = AQg * Qobj, prev [46, 47]. Consistent with our geometric
mapping, all computations are performed within the local wrist co-
ordinate frame to independently handle finger-level manipulation.
The detailed parameter tuning for the sigmoid function is described
in Section 4.

3.3 Implementation Details

Aside from the core mechanisms, GeoCtrl incorporates two sup-
plementary features. A grab-and-release logic manages state tran-
sitions without physics-based contact handling, and a clutching be-
havior lets users temporarily decouple input and output spaces to
reset their hand pose. These features are ancillary to the primary
contributions of geometric mapping and CD gain, and represent
one workable implementation open to refinement as better solutions
emerge.

In our implementation, a grab is triggered when all three fin-
gertips make contact with the virtual object, thereby establishing
the initial reference triangle. The release occurs when contact is
lost for two or more fingertips. During manipulation, the virtual
object is snapped to Py, the angle-weighted centroid of the ref-
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This is only a positioning choice, separate from the rotation map-
ping, as rotation is applied in the object’s own frame rather than

erence triangle, Popj = where 6, are the interior angles.
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Figure 3: The four CD gain curves explored in Study 1. The Const
condition applies no scaling. The Low, Mid, and High conditions
each follow a sigmoid function that attenuates gain during slow fin-
ger movements and amplifies it during fast movements, at increasing
rates. All sigmoid curves share the same inflection point vi,s and min-
imum gain gmin, but differ in the maximum gain.

about Pypj. A characteristic of the precision grip is that the index
and middle fingers remain close together while the thumb opposes
them. Standard triangle centers are set by the triangle’s overall ge-
ometry rather than by singling out the opposing thumb, so they drift
toward the two close fingers or fall outside the grasp. Because the
thumb vertex subtends the sharpest interior angle in this configu-
ration, inverse-angle weighting gives it the greatest influence and
restores the anchor to the center of the grip.

The clutching feature is essential for enabling continuous rota-
tion when users reach their kinematic limits, such as when fingers
become fully curled or pinched. Since such physical constraints
naturally induce involuntary pause during finger movement, we im-
plemented a dwell-based clutching logic that triggers when a mo-
mentary pause of the fingertips over 0.15s is detected. This lets
users reset finger positions without altering the object’s orientation.
Clutching exits automatically when the object is released.

4 STUDY 1: EXPLORATION OF THE CD GAIN CURVE

GeoCtrl applies a speed-responsive CD gain on top of the geomet-
ric mapping to enhance rotation efficiency. Typically, the range of
optimal CD gain values can be calculated from a device’s resolu-
tion or operational range [8, 40]. Our geometric mapping uses a
reference triangle that creates an indirect link between finger mo-
tion and object rotation, making the analytic derivation of optimal
CD gain difficult to apply. Therefore, we conducted an empirical
study to identify the gain curve that best balances efficiency, con-
trollability, and user experience. Specifically, we compared four
Gain Level conditions varying in sensitivity to finger speed across
a range of target Rotation Angles and axes to determine the most
effective configuration.

4.1 Construction of CD Gain Curves

We experimented with four different CD Gain Levels: Constant
(Const), Low, Mid, High. In the Const condition, no scaling fac-
tor was applied, and the object rotation was directly mapped to the
rotation of the reference triangle. The remaining three conditions,
Low, Mid, and High, were designed to attenuate rotation during
slow finger movements and amplify it during fast movements, at
different rates. To achieve this, we manually tuned sigmoid func-
tions of Eq. 1 for each condition.

First, we determined a reference fingertip speed to serve as both
the unity-gain point (CD ratio = 1) and the inflection point vj,s of the
sigmoid function. As there is no widely accepted standard for fin-
ger speed, we estimated the maximum and minimum speeds from
prior work on finger-based Fitts’ Law tasks. Sridhar et al. [52]

Figure 4: The docking task used in Study 1. (a) A solid die (object) is
to be rotated to match the orientation of an outlined die (target). The
rotation axis is indicated by a white line and two red arrows on the
object. (b) A green outline indicates successful docking within the
task completion threshold.

investigated pointing tasks within the full effective range of each
finger’s MCP (Metacarpophalangeal) joints, while Balakrishnan et
al. [2] focused on the left-right motion of the index finger, which
involves more subtle movements. We used the results of the for-
mer to determine vy, and the results of the latter for vy, , yielding
Vmax = 0.42 m/s and vy, = 0.013 m/s. We then took the geomet-
ric mean of viax and vy, assuming a logarithmic distribution of
finger movement speed, to obtain vj,r = 0.074 m/s.

Using these thresholds, we defined three gain curves (Fig.3). In
all three conditions, g, was set to 0.3, identified as the minimum
effective CD gain in pilot testing. Below this value, the gain was
too low to rotate the object in practice. gmax Was set to 2.45, beyond
which rotational overshoot became clearly noticeable. For the Low
condition, the gain span was set to 1.0 above gni,. The High con-
dition spanned the full range from gp,in t0 gmax. The Mid condition
used the average gain span of the two.

4.2 Experiment Design

Rotation Angle was included as a second within-subject indepen-
dent variable with three levels: 30°, 120°, and 210°. The three an-
gles, spaced 90° apart, were chosen to span from fine adjustment to
larger-scale rotations requiring multiple clutching operations. They
were presented in ascending order of anticipated difficulty. We
avoided multiples of 90° because pilot participants judged orien-
tation by the die’s silhouette rather than its faces, which becomes
ambiguous at axis-aligned poses. Even though 210° exceeds 180°
and the opposite rotation would be shorter, participants were in-
structed to follow the given direction. To cover a diverse range
of spatial orientations, we varied the rotation axis across the pos-
itive and negative directions of the x, y, and z axes, resulting in 6
axes total. The axes were presented in a randomized order within
each block, and each participant completed 3 sets per block. Com-
bined with 4 Gain Level conditions and 3 Rotation Angle levels,
this yielded a total of 216 trials per participant.

We employed a docking task, which is a common experimental
task in studies of rotational interactions [3, 15, 31], with two 4 cm
semi-transparent dice. The task was to grab the object to control (a
solid die), rotate the object in the designated direction, and match
the orientation and position of the object to the target (an outlined
die) (Fig.4). The object to control and the target to match were pre-
sented 30 cm in front of the participant with a 10 cm gap between,
so that the dice were clearly separated but did not require excessive
translation. The Rotation Angle was communicated to participants
both verbally and as on-screen text, and the rotation axis was in-
dicated by a line with red arrows on the object. A green outline
indicated the successful docking (Fig.4(b)), and the task was com-
pleted when the docked status was maintained for 1 s. The grab
status was indicated with a thin blue outline. The offset thresh-
olds for task completion were 2 cm and 10 °. The position thresh-
old was set with a large tolerance, as the experiment focused on
rotational movements. We used a threshold-based dock-and-hold
criterion rather than a release-based one, which would conflate an
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Figure 5: Study 1 results across four Gain Level conditions: (a) task
completion time, (b) accumulated die rotation, and (c) accumulated
die local rotation in the wrist coordinate frame.

intentional release with the release-based clutching. The 10° ori-
entation threshold follows the size-normalized formula of Frees et
al. [15]. Participants could use both hands, switching the active
hand by releasing the object.

16 participants (22-35,M =27.7,SD = 3.96, 12 males and 4 fe-
males) volunteered for the experiment through the institute’s online
community board. All participants were right-handed. The partici-
pants had varying levels of experience in realistic hand interaction
in XR, ranging from no experience to expert users. The institutional
review board approved the experiment and informed consent was
collected from all participants. Participants were compensated with
$10 for 1 hour of participation. After being introduced to the GeoC-
trl technique, participants were given as much time as they wished
to practice the interaction and become familiar with the task. In
each Gain Level condition, participants completed three blocks of
Rotation Angles, each consisting of three sets of six rotation axes.
The order of Gain Level conditions was counterbalanced across par-
ticipants.

Along with task completion time, we measured total die rota-
tion, defined as the cumulative orientation change across frames, to
assess rotational efficiency across Gain Level conditions. We also
recorded total die local rotation, defined as the sum of rotation an-
gles measured in the wrist-based coordinate frame, to measure the
rotation induced by finger movements. It should be noted that to-
tal die local rotation can be larger than total die rotation, as wrist
rotation can counteract finger-based rotation. Perceived workload
was assessed using the NASA Task Load Index (NASA-TLX) [18],
with scores ranging from 0 to 100.

4.3 Results

All inferential analyses were conducted using Linear Mixed Mod-
els (LMM) with random intercepts per participant, accounting for
trial nesting and inter-individual variability. Omnibus tests were
performed via likelihood ratio tests (LRT), comparing a full model
against an intercept-only null model fitted with maximum like-
lihood (ML). The magnitude of fixed and random effects is re-
ported via marginal/conditional R? (R%q, R%) following Nakagawa &
Schielzeth [38]. Pairwise post-hoc comparisons were conducted us-
ing Wald z-tests on Estimated Marginal Mean (EMM) contrasts de-
rived from REML fixed-effect estimates, with Benjamini-Hochberg
false discovery rate (FDR) correction. Outliers were identified us-
ing Interquartile Range (IQR)-based detection on task completion
time, yielding no outlier trials or participants’.

Gain Level had a significant effect on task completion
time (2(3) = 30.626,p < .001,R2, = 0.008,R2 = 0.065). Post-
hoc comparisons showed that task completion time was shorter
in the Low condition than in Const, Mid, and High (all p <
.001) (Fig.5(a)). Including Rotation Angle and its interac-

! Analyses were performed in Python 3.13.12 using statsmodels 0.14.6.
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Figure 6: NASA-TLX workload scores across the four Gain Level
conditions in Study 1: (a) overall score and (b) performance, and (c)
frustration subscales.

tion also significantly predicted task completion time (y2(11) =
676.400, p < .001,R2, = 0.167,R2 = 0.225), and the Low condi-
tion’s advantage held across all three angles.

Gain Level also had a significant effect on total die rota-
tion (x2(3) = 40.070, p < .001,R2, = 0.011,R2 = 0.070), with total
die rotation in the Low condition being smaller than in Const, Mid,
and High (all p < .001) (Fig.5(b)). The interaction model for total
die rotation likewise improved on the null (y2(11) = 1282.756, p <
.001,R2, = 0.288,R% = 0.358), with the Low condition producing
smaller rotation than all other levels at every angle.

Gain Level also significantly affected total die local rota-
tion (x%(3) = 33.127,p < .001,R2, = 0.010,R2 = 0.049), with to-
tal die local rotation in the Low condition being smaller than in
Const, Mid, and High (all p < .001) (Fig.5(c)). The same pattern
held for total die local rotation (y%(11) = 1585.993, p < .001,R2, =
O.353,R§ = 0.394), where the Low condition again produced the
smallest rotation across all angles.

For the NASA-TLX, Gain Level had a significant effect on
Raw TLX (x2(3) = 10.432,p = .015,R2, = 0.070,R2 = 0.590),
Performance (x%(3) = 8.925,p = .030,R2, = 0.023,R2 = 0.842),
and Frustration (y*(3) = 10.801,p = .013,R2 = 0.059,R? =
0.668) (Fig.6). In all three subscales, the Low condition was rated
more favorably than High and Mid (all p < .05), while no sig-
nificant difference was found between Low and Const. Physical
Demand showed a significant omnibus effect (x2(3) = 8.396, p =
.038,R2, = 0.057,RZ = 0.577), but no pairwise comparisons sur-
vived BH correction. Mental Demand, Temporal Demand, and Ef-
fort showed no significant omnibus effects.

4.4 Discussion

In summary, the Low gain condition consistently outperformed the
alternatives across all three objective measures. Gain Level had a
significant main effect on all three measures (all p < .001), and the
advantage of the Low condition was maintained across all Rota-
tion Angles in the interaction models. The Low condition reduced
task completion time and total rotational movement compared with
all other conditions, reaching significant differences in the major-
ity of comparisons across angles. The Mid and High conditions
did not differ significantly from each other and were comparable
to the Const condition in task completion time, while producing
greater total rotation. The Low condition also produced lower Raw
TLX, Frustration, and Performance ratings than Mid and High (all
p < .05), with no significant difference from Const.

The performance advantage of the Low condition over the Const
condition suggests that attenuating slow finger movements im-
proved rotational efficiency, reducing overshoots and instabilities.
The Mid and High conditions instead reduced usability relative to
Const. Because users can briefly exceed vj,s even during fine ad-
justments, the steep gain rise above vi,¢ in these conditions turned
such exceedances into disproportionately large rotations. The Low
condition avoided this, as its gain stays near or below unity across



the practical movement range. With clear improvements in task per-
formance in the Low condition without increased subjective work-
load relative to the Const condition, we adopted the Low gain curve
as the CD gain configuration for GeoCtrl in the subsequent system
evaluation.

5 STUDY 2: SYSTEM EVALUATION

Having established the reliable CD gain configuration, we con-
ducted a comparative evaluation to assess the benefits of GeoCtrl.
We hypothesized that, in the absence of physical support and haptic
feedback, realistic physics simulation would fail to provide suffi-
ciently effective rotational control. To empirically verify this, we
compared GeoCtrl against a physics-based hand interaction system
in a dexterous manipulation scenario. We also compared the pro-
posed system against a commodity hand interaction system, which
is designed primarily for robustness and ease of use. We examined
whether dexterous rotational control offers measurable advantages
and validated that GeoCtrl remains comparably intuitive.

5.1 Implementation and Apparatus

From Section 4, we observed that unwanted rotation mostly occurs
when the fingers are too close together. To address this, we added
another clutching logic that deactivates rotation when the triangle
area falls below an empirically determined threshold. We chose tri-
angle area over interior angles because it captures absolute fingertip
proximity, which scale-invariant interior angles cannot. Inspection
of the triangle area distribution from Section 4 (M = 4.39,8D =
4.45,min = 0.001) revealed a long lower tail. We set the threshold
at the Sth percentile (< 0.70), which excluded frames with insuf-
ficiently separated fingertips while retaining 95% of all recorded
frames.

We selected two reference conditions for comparison. For the
Physics condition, we employed HPTK+ [33], one of the state-
of-the-art physics-based hand simulation systems for realistic in-
teraction with virtual objects. The HPTK+ system was deployed
on Meta Quest 3 with Unity 6000.2.10f1. To match the experi-
mental environment, the object ignored gravity and inertia to only
be affected by the hand movement. The object’s movement was
cancelled immediately after contact was lost with the hands, effec-
tively preventing the object from indefinitely drifting away from
the hands. No other physical modifications were made on HPTK+
logic, to keep the hand interaction mechanism unchanged.

For the HandLevel condition, we used the Touch Hand Grab fea-
ture in the Building Blocks of Meta XR Interaction SDK 85.0.0.
While this feature does not support dexterous finger movements
during grab, its robustness makes it a representative commodity ap-
proach. The HandLevel condition was deployed on Meta Quest
3 with Unity 2022.3.62f1, the same environment as GeoCtrl. On
grab, the system automatically snapped the object to the hand in the
most feasible and stable position. Both visual and physical hands
were fixed on grab, disabling the physical interaction between fin-
gers and the grabbed object.

Figure 7: The docking task used in Study 2. (a) The object die is
to be matched to a target die rotated 135° around a random axis,
without explicit rotation axis guidance. (b) A green outline indicates
successful docking within the completion threshold.

5.2 Experiment Design

As in Section 4, a traditional docking task with two 4 cm dice was
employed. The object die was presented without any visual aids
for rotation, and the target die was rotated 135 ° with respect to a
random axis (Fig. 7(a)). The experimental task involved a visual
search process to reflect use case scenarios where users determine
the desired rotation by inspecting the object during the manipula-
tion. The docking offset allowed for task completion were 2 cm and
10 © and the docked status had to be maintained for 1 s to finish the
trial. During the task, participants could use either hand, switching
by releasing the object.

As before, a green outline indicated the successful docking be-
tween the object and the target (Fig. 7(b)). For the HandLevel and
GeoCtrl conditions, the grab status was indicated with thin blue
outlines to help users recognize the interaction state. The clutch-
ing state of GeoCltrl condition, in which the grabbed object is fixed
to the wrist coordinate and not affected by finger movements, was
visible with thicker outlines. For Physics condition, which does not
explicitly define interaction states such as grab but provides contin-
ual contact interaction, the outline feedback was provided only to
indicate the task completion.

We recruited 24 participants (22-46,M = 27,5SD = 4.44, 11
males and 13 females) through the institute’s online community
board. All participants were right-handed. The participants’ ex-
perience of realistic hand interaction in XR varied widely. The ex-
periment was approved by the institutional review board and all
participants provided their informed consent. Participants received
$10 for 1 hour of participation. The experiment was conducted us-
ing a within-subject design with three conditions, whose order was
counterbalanced across participants. In each condition, participants
practiced the technique until confident, then completed 3 blocks of
10 trials. After each condition, participants completed the NASA-
TLX, a 7-point questionnaire, and optional open-ended comments
on their experience. The questionnaire comprised the agency sub-
scale of the Virtual Embodiment Questionnaire (VEQ) [50] and five
custom items assessing Predictability (whether the object moved as
expected), Realism (realism of the manipulation sensation), Phys-
ical Comfort, Understandability (ease of understanding the tech-
nique), and Familiarization (familiarity gained over the session).
After all conditions, participants indicated the most and least pre-
cise technique and the most and least preferred technique, each ac-
companied by an open-ended explanation.

We recorded accumulated die rotation and translation, and, since
the conditions afforded finger-based manipulation to different ex-
tents, wrist movements as well. We also measured time on target,
defined as the interval from the object first reaching the comple-
tion threshold to the trial end, as participants tended to struggle to
stabilize the object after losing secure control.

5.3 Quantitative Results

To maintain a consistent analytical framework, the same LMM pro-
cedure described in Section 4 was applied to all objective measures
and NASA-TLX subscales, with condition sum-coded. No outlier
trials or participants were identified with task completion time us-
ing IQR-based detection.

Condition had a significant effect on task completion
time (x%(2) = 333.686, p < .001,R2, = 0.126,R% = 0.244) and time
on target (x%(2) = 256.287,p < .001,R2, = 0.109,R? = 0.135).
For both measures, all pairwise comparisons were significant (all
p < .001), with HandLevel performing best, followed by GeoCtrl,
and Physics worst (Fig. 8(a-b)).

Total die rotation differed significantly across condi-
tions (x2(2) = 318.019, p < .001,R2, = 0.124,RZ = 0.222). Die
rotation was greatest in GeoCtrl, followed by Physics, and smallest
in HandLevel (all p < .001). Total die translation also differed
significantly (y%(2) = 581.753, p < .001,R2, = 0.215, R = 0.306),



20.0 = sk a) —=_(b) —_(c) 1.4 i d) 3000 i e) 2f = (f)
~ — 7 okk 1200 ok —_ ki — dokk ’E\ sekk
S75] e 6 — = ik E2 ok o 2500 o S —
£ =z S 1000 — = z — =
£ 150 = s - S 1.04 S 2000 = g
E S © = °
< 125 = = 800 = = 7}
o S 4 © 208 = c
3 100 & *ohk 5 5 2 1500 S 6
- c @ 600 = - ~
E 75 o : 2 o 2 1000 Z
8 Ea < 400 804/ 3 S
%, " = g g g w0 g,
S 5]
© 25 1 = 200 =02 "_3 % % '9
0.0 0 | 0 0.0 0 0 = ==
>y Q vl =3 ) vl ) N ) Q e =3 Q vl ) Q o"v
@ (O =) o\ o8 & (e C o o\ o8 =) & c;& ) o C &
\{\,&\& & o \e@(\é\, R V\@(\e) o V\"‘(\& oM & o o & oo

Figure 8: Quantitative results of Study 2 across the three interaction techniques: (a) task completion time, (b) time from the first collision on
target to the trial end, (c) total die rotation and (d) translation, (e) total wrist rotation and (f) translation.

with the opposite ordering: HandLevel produced the greatest
translation, followed by GeoCtrl, and Physics the least (all
p < .001) (Fig. 8(c—d)).

Condition significantly affected total wrist rotation ()2(2)
867.468,p < .001,R2, = 0.308,R? = 0.379) and total wrist trans-
lation (%(2) = 262.812,p < .001,R2, = 0.107,R2 = 0.171). Wrist
rotation was greatest in HandLevel, followed by GeoCtrl, and
smallest in Physics (all p < .001). For wrist translation, Han-
dLevel was significantly greater than both GeoCtrl (p < .001) and
Physics (p < .001), with no significant difference between the latter
two (Fig. 8(e-f)).

We additionally analyzed the heatmap of participants’ wrist
movements (Fig. 9). Condition significantly affected both the
workspace area (y2(2) = 14.327,p < .001) and the KDE en-
tropy (x2(2) = 11.999, p < .01), which measures how uniformly
wrist movements were distributed. For both measures, GeoCtrl was
smaller than HandLevel (p < .01) and Physics (p < .05), with no
difference between the two baselines, indicating that GeoCtrl con-
fined manipulation to a more concentrated workspace.

For the NASA-TLX, condition had a significant effect on all sub-
scales (Table 1, Fig. 10). Physics received significantly higher rat-
ings than HandLevel and GeoCtrl on Raw TLX, Mental Demand,
Temporal Demand, Effort, and Frustration (all p < .01), and lower
perceived Performance than both (all p < .05). Physical Demand
showed a different pattern: GeoCtrl was rated lower than both Han-
dLevel (p < .001) and Physics (p < .001), with no significant dif-
ference between HandLevel and Physics. No significant difference
was found between HandLevel and GeoCtrl on any other subscale.

For the post-condition questionnaire, we report mean per condi-
tion with Friedman omnibus statistics, along with Wilcoxon signed-
rank post-hoc comparisons with Bonferroni correction (Table 2). *
marks conditions rated significantly higher than Physics. GeoC-
trl and HandLevel did not differ on any measure. The VEQ
agency subscale showed no significant effect of condition ( )(2(2) =

HandLevel (Standard) GeoCtrl (Ours) Physics ([33])
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Figure 9: Spatial distribution of wrist position during Study 2, aggre-
gated across participants per condition. The heatmap reflects the
range and extent of wrist-level movement required under each tech-
nique. All participants were right-handed.

Table 1: NASA-TLX omnibus LRT results (df = 2).

Subscale x? p RZ R?
Raw TLX 25402 <.001 0.169 0.621
Mental Demand 10.432 .005 0.078 0.500
Physical Demand  23.254 <.001 0.186 0.532
Temporal Demand 17.420 < .001 0.125 0.554
Performance 17.361 < .001 0.150 0.460
Effort 22.334 < .001 0.159 0.579
Frustration 20.022 < .001 0.170 0.487

2.264,p = .322), and its four constituent items were individually
non-significant as well. Condition significantly affected all five
custom items. Predictability was rated higher in both HandLevel
and GeoCtrl than in Physics (both p < .05), with no significant
difference between HandLevel and GeoCtrl. Realism and Physi-
cal Comfort were higher in GeoCtrl than in Physics (both p < .05),
the only significant contrasts for these two items. Understandability
and Familiarization were higher in HandLevel than in Physics (both
p < .01). GeoCtrl and HandLevel did not differ significantly on any
item.

GeoCtrl was rated the most preferred technique (67%, versus
29% for HandLevel and 4% for Physics) and the least preferred by
17% (HandLevel 8%, Physics 75%). For precision, HandLevel and
GeoCtrl tied as most precise (46% each), while Physics was rated
least precise by 71%.

5.4 AQualitative Feedback

Open-ended feedback, collected with the perceived precision and
preference, was analyzed following Reflexive Thematic Analy-
sis [6]. A Large Language Model (LLM) applied a researcher-
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Figure 10: NASA-TLX workload scores across the three conditions
in Study 2.



Table 2: 7-point Likert questionnaire results (df = 2).

Measure HandLevel GeoCtrl Physics x? p
VEQ Agency 4.81 5.25 456 2264 322
Predictability 5.00x 4.54x  3.17 15.407 <.001
Realism 3.96 4.67« 325 8237 .016

Physical Comfort 3.62 4.67« 254 13.153 .001
Understandability ~ 6.00x 504 458 9270 .010
Familiarization 5.71% 5.38 4.50 10.364 .006

defined codebook of 23 codes across seven groups, after which a
researcher reviewed and corrected all assignments.

The codes were mapped onto higher-order themes, iteratively
revised, and cross-checked independently by three researchers.
Four themes emerged, Intuitiveness and Learnability, Paradox
of Physics-based Interaction, Physical Load and Movement, and
Finger-Centric Manipulation Strategy, each described below.

6 DISCUSSION

6.1 Mental Model Alignment in Enacting-based Interac-
tion

Our initial assumption was that in the absence of physical support,
users will gesturally enact an object’s intended rotation with their
fingers [1, 43]. This assumption was broadly supported by partici-
pant behavior. Although we did not directly measure enacting be-
havior, the experimental outcomes suggest that GeoCtrl was under-
stood and adopted with minimal instruction. Participants required
only a brief explanation of the grab logic, after which they could
successfully perform the manipulation tasks. Notably, among 24
participants, we did not detect any participant-level outlier by task
completion time under the GeoCtrl condition using IQR (Interquar-
tile Range) outlier detection (Q = 8.260, Q03 = 12.645).

Introducing finger-level control might raise a concern that such
dexterous manipulation would impose additional cognitive or phys-
ical burden. Despite the added complexity of a high degree of free-
dom, GeoCtrl did not increase workload compared to the straight-
forward HandLevel condition. None of the NASA-TLX subscales
nor the overall score revealed a significant difference between the
two conditions (Fig.10). This suggests that the geometric mapping
mechanism eases the complexity of finger coordination, yielding a
workload comparable to wrist-level manipulation despite the added
finger-level DOF. Accordingly, GeoCtrl was preferred by 67 % of
participants over the alternatives.

Post-study qualitative feedback reinforced this finding. Among
participants who preferred GeoCtrl, 10 reported that they could “ef-
fortlessly” complete tasks using the proposed interaction. Three
participants explicitly noted that GeoCtrl employed “familiar” ges-
tures, with two of them stating that GeoCtrl required hand move-
ments most similar to real-world object manipulation (P11: “the
way of using my hands resembled rotating an object in reality,”
P5: “most similar to rotating a small object in the real world, so
it felt familiar”). The post-condition questionnaire corroborated
this, with GeoCtrl rated comparably to HandLevel on Predictabil-
ity, Understandability, and Familiarization, and above Physics on
Predictability (Table 2). These observations suggest that the ge-
ometric mapping mechanism aligns with users’ mental models of
in-hand rotation, and that GeoCtrl remained approachable across
participants with varying XR experience.

6.2 The Paradox of Physics-based Interaction

Even though physics-based simulation approaches the exact repli-
cation of reality, the loss of human dexterity in mid-air conditions
cannot be easily compensated by simulation fidelity alone. Our

results reveal a fundamental paradox that realistic physics simu-
lation does not necessarily yield a satisfactory experience because
of changes in user behavior. Under the Physics condition, we ob-
served frequent jitter, involuntary contact loss, and object instability
throughout trials. This inconsistency translated directly into signif-
icantly higher task load (Fig.10).

The difficulty in maintaining a stable grasp was further re-
flected in the time-on-target metric. Participants spent an exces-
sive amount of trial time recovering from jitter and re-establishing
contact rather than performing intentional rotation. While Physics
recorded smaller total die transformations than GeoCtrl (Fig.8(c—
d)), we argue this reflects interaction instability rather than effi-
ciency, as confirmed by the time metrics (Fig.8(a-b)). Physics
also produced a wider workspace area and higher KDE entropy
than GeoCtrl (Fig.9), indicating that participants were not execut-
ing finger-level rotation but primarily relied on wrist movement in
response to grab failures. In contrast, GeoCtrl users maintained a
more fixed wrist position, presumably performing stable rotation
primarily through finger movements.

Aligned with higher workload, some participants expressed vis-
ible frustration with Physics. Qualitative responses described
the object’s behavior as “unexpected” (P20) and “different from
what 1 know in reality” (P2), creating “the greatest gap from
real-world” (P13). This discrepancy is particularly damaging for
physics simulation, as participants struggled to perform the finger-
level movements the engine demanded. Interestingly, rather than
attempting to grab the object, several participants resorted to push-
ing or nudging the die to complete the task. This highlights that
the fidelity offered by physics simulation is undermined when the
haptic feedback and physical support of a real object are absent.

These difficulties reflect the interaction itself rather than mea-
surement error. Because all three conditions used the same hand-
tracking system, tracking quality cannot account for the differences
between conditions. The behavioral change instead follows from
the absence of tactile cues and contact forces that guide real-world
manipulation, which remain missing in VR regardless of haptic
hardware [9]. Notably, participants rated GeoCtrl as more realis-
tic than Physics (Table 2), even though only Physics simulates real
physics, underscoring that perceived realism depends on usable in-
teraction rather than simulation fidelity alone.

6.3 Physical Demand and Loss of Dexterous Control in
Hand-level Interaction

The simplicity and robustness of the commodity approach came at
the cost of higher physical demand and reduced dexterous control.
Since HandLevel is insensitive to finger movements after grabbing,
rotation was necessarily performed at the wrist or arm level, requir-
ing larger-amplitude body movements. This was reflected in higher
wrist transformation and die translation under HandLevel (Fig.8(d))
and in the wide spatial spread of wrist movements (Fig.9).

Participants rotated the object less with HandLevel (Fig.8(c)) be-
cause rotating it further with restricted movement demanded more
physical effort. Subjective responses confirmed this burden, with
8 participants reporting that HandLevel required large body move-
ments and induced substantial physical fatigue (P16: “caused sig-
nificant fatigue,” P9: “my wrist hurt more.”). The NASA-TLX
physical demand subscale was significantly higher under Han-
dLevel compared to GeoCtrl (Fig.10). In contrast, GeoCtrl enabled
rotation primarily through small finger movements, which partici-
pants described as physically comfortable.

Beyond physical comfort, we considered whether finger-level
control preserved the user’s sense of agency, a potential cost of me-
diating manipulation through the CD gain rather than direct motion.
The VEQ agency subscale revealed no significant difference across
conditions, and GeoCtrl was rated numerically highest (Table 2).
This indicates that GeoCtrl did not sacrifice agency relative to ei-



ther reference, even though its geometric mapping breaks 1:1 cor-
respondence. Consistent with this, one participant noted a stronger
sense of synchronization when the fingers played a larger role (P19:
“when fingers played a stronger role, it seemed to provide a greater
sense of synchronization.”). Under HandLevel, where the visual
hand locks onto the object upon grab and decouples from finger
motion, no participant spontaneously mentioned agency.

Taken together, GeoCtrl provides composite benefits of the two
compared approaches. Physics pursues high-fidelity realism but
fails to deliver it in practice, in the absence of haptic feedback
and physical support. HandLevel is robust and accessible but sacri-
fices dexterous control by locking finger movements after the grab.
GeoCtrl balances these tradeoffs, enabling finger-level dexterous
interaction without the instability of physics simulation or the phys-
ical burden of wrist-level manipulation, at the cost of longer task
completion time than HandLevel (P6: “it felt like a combination
of the advantages of the other ones.”). The geometric mapping ac-
commodates the coarse gestural movements of users by eliminating
the need for exact motor precision while still engaging the fine mo-
tor capabilities.

6.4 Finger-centric Control Sensitivity and CD Gain

One consistent theme across both Physics and GeoCtrl was that
participants found finger-level movements to be overly sensitive.
While participants appreciated the advantages of GeoCtrl’s finger-
centric control for fast object inspection (P24: “I could explore the
die more quickly,” P6: “I first quickly explored with fingers.”), sev-
eral reported experiencing unintended rotations triggered by finger
motion. This sensitivity is an inherent trade-off, as the same re-
sponsiveness that enables dexterous control also amplifies small,
unintended movements, pointing to the necessity of CD gain.

Our initial assumption was that users would require amplified
input to perform large-scale ballistic rotations. However, the more
critical function of the CD gain in GeoCtrl is to diminish fine finger
movements rather than amplify them since wrist-level movement
already provides sufficient ballistic input. In practice, the gain’s
dampening behavior for small-displacement inputs was more con-
sequential to usability than its amplification at large displacements.
A more carefully tuned gain curve, with stronger damping in the
low-displacement regime, would reduce unintended rotations and
make GeoCtrl more suitable for precise manipulation tasks.

The importance of a “freeze” control mechanism was also af-
firmed by participants (P24: “I liked being able to freely alternate
between moving and fixing,” P23: “when unable to fix the die or
my hand, the manipulation felt uncomfortable.”). As fine finger
movements can induce both efficient rotation and inadvertent trans-
formation, the capacity for deliberate pause helps users maintain
intentional control. Thus, refined CD gain application and an im-
proved clutch mechanism will form a complementary pair to sup-
port more precise manipulation with GeoCtrl.

Because GeoCtrl combines the geometric mapping and CD gain
with ancillary mechanisms, object positioning, grab-release, clutch-
ing, and triangle-area thresholding, their individual contributions
cannot be fully separated in our study. Our observations indicate
that these ancillary mechanisms primarily refine stability and pre-
cision, and a formal ablation isolating each component remains an
important direction for future work.

6.5 Limitation and Future Work

GeoCtrl also revealed shortcomings that shaped user preference.
Although it was the most preferred technique overall (67%), it was
the least preferred for 17% of participants and was judged most
precise about as often as HandLevel, not more. Open-ended re-
sponses attribute this to the finger-level sensitivity noted above,
where small unintended finger motions produced unwanted rota-
tions. For some participants, this unreliability outweighed the tech-

nique’s efficiency. Improving usability therefore depends on damp-
ing these motions, which more careful gain tuning could achieve.
The clearer boundary is task speed, since GeoCtrl’s longer com-
pletion time makes it less attractive when raw speed dominates.
GeoCtrl thus offers the greatest advantage in tasks that prioritize
low-effort, fine-grained rotation over speed.

The current study used a simple docking task with a single cube-
shaped object and fixed success thresholds, limiting generalizabil-
ity. Future work should broaden the task parameters, object geome-
tries, and complexity, since object shape may engage the fingertip-
triangle mapping in ways a cube does not reveal. The CD gain
space also warrants fuller exploration, as the optimal curve may
differ across precision requirements and further tuning could miti-
gate the sensitivity issues participants reported.

Although our implementation included grab and clutching logic,
a more thorough investigation of these features could substantially
improve the usability of GeoCtrl. Integration with a physics en-
gine for grabbing may further enhance stability while retaining the
benefits of geometric mapping. Developing adequate visual and
pseudo-haptic augmentation could also enrich the interaction ex-
perience. Finally, exploring concrete application scenarios such as
assembly tasks or immersive education would further validate the
generalizability of GeoCtrl.

7 CONCLUSION

Dexterous bare-hand rotation of virtual objects remains challenging
in XR, where the haptic cues and physical support of a real object
are absent. We presented GeoCtrl, a technique that maps geomet-
ric changes of finger configurations to the rotation of a virtual ob-
ject. Our approach accommodates coarse gestural approximations
rather than demanding the motor precision assumed by physics-
based approaches. A speed-responsive CD gain, empirically op-
timized through a controlled study, further enhances efficiency and
controllability of the interaction.

Relative to the high-fidelity physics simulation, GeoCtrl im-
proved task efficiency and provided more effective rotational con-
trol in the absence of haptic feedback. It imposed the lowest phys-
ical demand of the three techniques and added no workload over
the commodity condition, though it did not match that condition’s
raw completion speed. The study also highlighted that the primary
role of the CD gain is damping small finger movements rather than
amplifying large-scale input, and that the clutch mechanism was
essential for maintaining intentional control.

Our work has demonstrated the potential of geometry-driven ma-
nipulation as a practical foundation for dexterous hand interaction
in XR, particularly where low-effort, fine-grained rotation matters
more than raw task speed. We believe that GeoCtrl inspires future
interaction techniques to prioritize gestural intent over motor preci-
sion and physical replication, enabling dexterous hand interaction
in XR environments with growing complexity.
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