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Figure 1: Efficient manipulation relies on effective preshaping: the subconscious adaptation of the hand to an object before
contact. Preshaping is informed by the anticipated requirements of the task, and expression thus differs when the task does.
Physical hand-object interactions (top) are tuned to accommodate predicted mass and scale. In virtual interactions (bottom),
the hand is freed from such concerns, but is governed by the interface. For example, abstractions like the pinch gesture replace
natural grasping with object-agnostic poses decoupled from the visual geometry, altering how users acquire and control objects.

Abstract

Effortless manipulation informs and relies on preshaping: the sub-
conscious posing of the hand before grasping. Virtual environments
and the design of interaction techniques alters interaction require-
ments like contact and reach, forcing behavioural adaptation. We
present a comparative study investigating preshaping behaviour
across direct versus indirect (gaze-assisted) and bare-hand versus
controller techniques on a docking task. Results reveal that re-
sponse patterns scale with anticipated task difficulty, and that direct
techniques elicit effective posing of the hand. Indirect techniques
shortcut hand transport and in turn lacks the sensory feedback to
guide planning, inducing efficient but attenuated responses that
necessitate compensatory manipulation and clutching. Notably,

This work is licensed under a Creative Commons Attribution 4.0 International License.
CHI ’26, Barcelona, Spain

© 2026 Copyright held by the owner/author(s).

ACM ISBN 979-8-4007-2278-3/2026/04

https://doi.org/10.1145/3772318.3793424

controllers that afford in-hand rotation allow users to extend their
range of motion. These findings can inform interaction design to
better afford preshaping and optimise 3D manipulation tasks.
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1 Introduction

Manipulation of objects with our hands involves preshaping as
a preparatory movement during reach. Preshaping is a subcon-
scious motor behaviour that configures hand posture for secure
and efficient grasping and the intended manuipulation [40]. For
example, when adjusting a knob, we counter-rotate the hand to a
larger extent when we intend to turn the knob further. Preshaping
is a kinematic response informed by intrinsic (e.g., mass, texture)
and extrinsic (e.g., position, orientation) object properties, making
physical interactions seem effortless [48, 52]. Virtual 3D manipu-
lation transforms these parameters; the interaction is determined
not purely by physics, but also by the interface. Common grasp-
ing abstractions such as the pinch gesture modify the hand-object
interaction [8], as illustrated in Fig. 1. This enables supernatural
manipulations via object-agnostic postures without concerns of
stability. Although virtualised, we posit that such manipulations
still benefit from preshaping. However, it is not clear how the de-
sign of interaction techniques impacts preshaping behaviour and
its efficacy in preparation for manipulation.

We propose preshaping to be of relevance to virtual interaction
as it can affect the performance of manipulation tasks. The initial
position of the hand determines the physical motorspace available
for further input during manipulation. Techniques map this in-
put differently to the virtual space, using abstractions, additional
modalities, and control-display (CD) gain functions that modify the
requirements of the initial position and thus motorspace freedom.
During manipulations, the physical hand remains under anatomi-
cal constraints, and a poorly prepared starting posture eventually
must be compensated for in manipulation [30, 34]. Invariably, when
there is no more room for movement, users have to disengage and
prepare for additional input, as is typical with the computer mouse.
3D manipulation techniques extensively rely on clutching as strat-
egy, to sequentially chunk a manipulation task through repeated
acquisition and release [4]. We suggest that clutching closely relates
to preshaping, and that a better understanding of preshaping may
inform designs that reduce the need for clutching.

The main contribution of this work is a study of preshaping for
object manipulation in 3D, guided by three questions: (RQ1) How
do users preshape for object manipulation in 3D when they use
grasping abstractions? This examines how strongly preshaping is
present when input is virtual, and how it relates to clutching. (RQ2)
How does preshaping behaviour differ in indirect manipulation
compared to direct? We compare direct versus indirect input in
how they afford preshaping. (RQ3) How is preshaping behaviour
adapted when using a controller rather than the bare hand? This
considers the effect that holding a tool may have on preparatory
movement. We conducted a virtual reality (VR) user study (N=20)
and evaluated 3D hand behaviour on a 6-degree-of-freedom (DOF)
docking task. Participants performed the task in four conditions,
derived from a combination of direct versus indirect, and bare-
hand versus contoller-based input, and exemplifying contemporary
3D input methods. Based on the results, we contribute key novel
insights into preshaping in 3D object manipulation:
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e Preshaping behaviour is modulated by the interaction tech-
nique. Response patterns scale with anticipated task diffi-
culty, and the magnitude and efficacy of the response depend
on the technique.

o Results reveal a trade-off between motorspace constraints
and sensory feedback. Direct interactions elicit effective re-
sponses guided but limited by reach, while indirect tech-
niques enable economical movement but induce less effective
hand postures, compromising manipulation.

o A causal link between preshaping behaviour and compen-
satory strategies. Our work shows that deficits in the prepara-
tory phase, whether biomechanical constraints or lack of
planning, directly necessitate increased clutching and cor-
rective adjustments during the manipulation phase.

o Evidence of controllers mitigating preshaping deficits through
tangible affordances. We observe that users leverage the
physicality of controllers to perform in-hand rotation, ex-
tending their range of motion through increased dexterity
in a way that bare-hand gestures currently do not support.

These findings advance understanding of motor behaviour in 3D
manipulation, and are of practical significance for interaction de-
sign, to better afford preshaping, require less clutching and optimise
3D manipulation tasks.

2 Related Work

Preshaping is naturally present in all manual interaction with ob-
jects but has not received much attention in HCI. We contextualise
our work by drawing on background from other fields, relating
preshaping to other work on preparatory movement in HCI, and
by motivating our focus on direct versus indirect interactions, with
bare hand or controller.

2.1 Hand-Object Interaction

Preshaping has been extensively studied in neuroscience, computer
vision, and robotics to understand its components and inform the
design of tools and technologies that augment or adopt human man-
ual behaviour [13, 25, 53]. Here, preshaping is defined in relation to
the reach, grasp and manipulation phases of physical hand-object
interaction. Each of these phases relies on different feedforward
and feedback mechanisms for prehension and control of the target
[13, 40]. The first two phases are parallel and integrated in the
reach-to-grasp motor skill [61]. In this context, preshaping refers
to the anticipatory posture assumed by the arm, hand, and fingers
in response to the object during movement of the upper limb [40].
This behaviour is a response to and prepares the hand for an ex-
pected object interaction, thereby setting the immediate context
and constraints for the manipulation phase. Preshaping is finely
tuned by a lifetime of interactions and is performed subconsciously
without mental effort. Literature on the topic is consistent in high-
lighting the importance of preshaping for effective manipulation,
which serves as the principal motivation for our work.

There has been a wide range of work on virtual grasping. Blaga
et al. examined how the direct manipulation of objects differs be-
tween real and virtual environments for wizard-of-oz translation
tasks, finding that virtual grasping posture is modulated by the
anticipated intrinsic object properties (e.g., size, shape) [8]. This,
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and similar work [48], is significant for our work, as it shows trans-
ferral of experience from real environments to virtual grasping,
but in a critical difference, our work is concerned with grasping
abstractions. Within XR, recent works have established taxonomies
for grasp-proximate interfaces [3, 8, 50, 51]. These help understand
grasping-based input but are focused on the posture assumed for
the interaction when an object is acquired, abstracting from the
preshaping behaviour that has posture as the outcome. Other works
have shown that the performance of virtual grasping depends on
visual feedback, to compensate for the lack of physicality [21, 45].
Feedback is also a critical concern for our work, addressed in tech-
nique design for our study, as the techniques we consider abstract
further from real grasping.

2.2 Preparatory Movement for Interaction

Preshaping is a preparatory movement and, as such, relates to a
variety of work in HCI that is concerned with user actions of a
preparatory nature. The rise of context-aware interaction, for in-
stance, prompted questions of how users address systems to initiate
interaction, as captured in Belotti et al’s framework [6]. Techniques
such as Pre-touch [19], Do That, There [16], GravitySpot [1], and
Proxemic Flow [55] all illustrate preparatory action guided by visual
or multimodal cues that help users align their bodies or hands with
system-defined input regions. Preshaping is different from separate
movements guided in that manner, as it describes the finer-grained
anticipatory behaviour that is integral with hand-object interaction
and occurs just before manipulation begins.

While preshaping is implicit with manipulation, it is interesting
to consider it as an input signal. Although using different termi-
nology, Mizuno et al. demonstrated the idea of using preshaping
gestures as a shortcut to trigger intended manipulations [35]. Other
work considering preshaping for feedforward in XR has been con-
ducted by Guierniou et al. [17]. Their work is significant in showing
that preshaping can be operationalised in XR, but that it requires
adaptation (e.g. grip aperture as feedforward is mismatched when
holding a controller).

2.3 Direct and Indirect Interaction, with Hand
or Controller

We study preshaping for direct versus indirect manipulation, and
with bare hand versus controller, as these represent fundamental
differences that could affect preshaping. Direct input offers intu-
itive, physics-based mappings [23, 46], while indirect input affords
occlusion-free input and reduced effort through flexible control-
display (CD) mappings [20]. Direct and indirect input methods
are frequently compared, with a focus on performance and speed-
accuracy trade-offs [12, 33, 49]. In contrast, we aim to understand
differences in hand alignment for manipulation tasks, for which we
compare direct hand input with gaze-assisted indirect input [42, 58],
in both cases with pinch as grasping abstraction. While indirect
input can use a hand-ray [38], we use gaze due to its demonstrated
performance benefits [34, 57] and its adoption as the default on
recent XR devices (e.g., Vision Pro). Hands and controllers are also
frequently contrasted (e.g. virtual hand vs. virtual pointer [44]), with
hand input characterised as more natural [56] while controllers
offer better performance [11, 26, 28, 31]. We focus on the effect
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of holding a controller on preshaping, which we compare with
bare-hand input in both direct and indirect conditions.

Two recent works provide specific motivation. Lystbeek et al.
showed how direct and indirect modes of input can be fluidly com-
bined in 3D manipulation of objects, and observed a trade-off be-
tween faster acquisition with indirect input and more effective
preparation for manipulation with direct input [30]. We hypothe-
sise that the observed difference in performance is rooted in pre-
shaping behaviour. In another study, Mikkelsen et al. observed per-
formance differences in object manipulation with a hand pointer
versus gaze+pinch, that appeared to stem from differences in motor
space freedom the techniques afforded, thus impacting the extent
to which participants were able to prepare hand input for the ma-
nipulation task [34]. These observations call for a systematic study
to understand how performance differences can be explained by
preshaping behaviour.

3 Preshaping in Extended Reality

Preshaping is well defined in other fields, but the concept requires
adaptation to XR. In fields such as robotics, preshaping is adopted
to describe the kinematics, end-position and possibly splay of the
end effector (e.g. hand), and is concerned with mimicking human
movement trajectories. Guerniou’s work indicates that preshaping
is not an a priori good behaviour when it is not adapted to the rela-
tionship between the effector (controller) and the object (virtual)
[17]. Yet, it has value as an abstraction and motivated the develop-
ment of domain-specific definitions that adhere to the properties
of actors and objects in novel contexts [22, 53]. Accordingly, we
abstract from concepts such as hand aperture and finger-object en-
closure, as these are not afforded by pinch and controller grasping
abstractions.

Figure 2 illustrates our framework for operationalising preshap-
ing in XR. We consider a preparation phase in which we measure
translation and rotation of the hand in moving from a neutral po-
sition to acquire a 3D object. Acquisition is by pinch gesture or
controller trigger, as a grasping abstraction. At the moment of ac-
quisition, we measure preshaping magnitude as how much the
hand has moved in the opposite direction of the intended manip-
ulation, which can be understood as movement to increase the
range for subsequent manipulation. During manipulation, we mea-
sure rotation and translation to capture the effect of preshaping
on manipulation performance. Finally, at the moment the object
is released, we measure how much of the intended manipulation
has been achieved, as a measure of preshaping effectiveness. If a
manipulation has not been fully accomplished at this point, the
object can be re-acquired through clutching, and the amount of
clutching required constitutes a further measure for effectiveness.

4 User Study

To investigate our research questions, we designed a controlled
3D docking study. The core objective of our task design was to
explore the expression of preshaping in response to a clear rota-
tional challenge, while minimising confounding variables such as
complex mental rotation, visual search, and translational difficulty.
Participants were tasked with docking an object to a target des-
tination, a task which combined a simple horizontal translation
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Figure 2: Operationalising preshaping for virtual 3D object
manipulation. We measure preparatory movement, preshap-
ing magnitude at the point of object acquisition, manipula-
tion performance, and effectiveness of the combined move-
ments toward completion of a manipulation task. Objects
can be reacquired to complete manipulation by clutching,
which we also use as a measure of effectiveness.

with a single-axis rotation of varying magnitudes (+45°,90°, or
135°), informed by previous studies on virtual manipulation and
physical preshaping [2, 7, 32]. This controlled design allows us to
directly observe how users adapt preparatory movements to the
anticipated requirements of the manipulation, providing a basis for
analysing the effects of different interaction techniques on preshap-
ing behaviour regarding directness and modality, counterbalanced
as techniques, and rotations presented in uniformly random order.

4.1 Technique Implementation

We implemented four techniques to represent a combination of
DIRECT versus INDIRECT, with BARE-HAND versus CONTROLLER. We
refer to the two dimensions for short as DIRECTNESS and MODALITY:

e VIRTUALHAND emulates physical grasping, as the hand reaches
for and acquires objects by pinching in proximity. The object
then follows the hand until the pinch is released.

e DIRECTCONTROLLER functions much the same as VIRTUAL-
HaND, while requiring the user to steer a controller for me-
diating the grasp. The pinching is consequently substituted
with an index-towards-thumb trigger pull.

e GazE&PINCH delegates object-targeting to eye-gaze, con-
firming the acquisition with a pinch. Though unconstrained
by reach, hand movements are mapped to the object similarly
to the DIRECT conditions.

o GAzZE&CONTROLLER functions as GAZE&PINCH, but substi-
tutes pinching identical to DIRECTCONTROLLER.

The four techniques were implemented in Unity using the Meta XR
SDK, illustrated in fig. 3. In the following, we describe key proper-
ties, by which techniques vary, that may influence preshaping:

Selection and release. For BARE-HAND techniques, pinch-release
was adjusted, using the SDK’s pinch strength parameter (0.1 confi-
dence) - such that participants encounter fewer frustrating early
releases, but may encounter more late releases, based on how the
system evaluates the tracked hands. This detail is important as the
task promotes hand positions that challenge the tracking system.
For CONTROLLER techniques, the default halfway press of the index
trigger determines selection and release. We chose the index trigger
over the inside "grip" buttons of the Quest Touch Pro controllers
for consistency with the thumb-index pinch (fig. 4 ).

Direct Control Mapping. Both DIRECT techniques, VIRTUAL-
HanDp and DIRECTCONTROLLER, require virtual contact with an
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Figure 3: Examples of different hand poses, preshaped into
the posture accommodating the object and envisioned inter-
action of the user via VIRTUALHAND, GAZE&PINCH, DIRECT-
CONTROLLER, and GAZE&CONTROLLER.

=T[5 B[P

Figure 4: Temporal development of the hand posture. The
primary difference between conditions is in how the acquisi-
tion event is triggered. Bare-hand relies on a pinch gesture,
while controller techniques confirm via a trigger press, using
a similar index-to-thumb closure.

object at the time of selection. Both techniques consider contact to
be within a ~ 2cm proximity, from the thumb-index pinch point,
and from the grab point of the controller, respectively. The point
of contact enables the use of grab-points, determining the pivot
through which the object rotates 1:1 with the input modality. For
VIRTUALHAND, the thumb-index pinch point in space at selection
defines this grab-point, and the object within the 2cm proximity. For
DIRECTCONTROLLER, the head of the controller defines the pivot.

Gaze-assisted Indirection. For implementing the INDIRECT
Gaze&PINcH and GAZE&CONTROLLER techniques, we rely on the
current guidelines and prior art [41, 42]. Targeting is enabled by
raycasting a forward vector along the averaged eye orientation,
and selection is triggered as described above. Consequently, a ma-
nipulation can be initiated from any tracked position in the user’s
motorspace. To explore indirection, we disable selection within 2cm
proximity, based on the DIRECT criteria.

Indirect Control Mapping. The control mapping of the hand
determines the spatial relationship between the hand and the object
after it is selected. We mimic the 1:1 encoding of physical and vir-
tual manipulation to achieve consistency. For mapping translation,
this entails a CD gain that approximates a 1:1 hand-object ratio in
visual angles. Informed by prior art, like the HOMER gain, our gain
is continuously calculated as the quotient of eye-object and eye-
hand vector magnitudes [34, 60]. For mapping rotation, raycasting
provides no semantically valid grab-point to inform the pivot. In-
stead, we follow prior work and map the rotation of the thumb-tip
and controller-head to the ego-centric rotation of the object, for
Gaze&PincH and GAZE&CONTROLLER, respectively [30, 34].

Addressing Synchronisation/Late-Trigger issues. While the
coordination of hand motion with the selection and release of ob-
jects is similar for direct techniques, gaze-assisted indirection in-
troduces a fundamental challenge in eye-hand synchronisation:
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Figure 5: Example trial sequence. The white object and blue
target appear initially overlapping at a reachable chest-level
origin, determined by the task variation. The target imme-
diately moves to its final pose via a linear interpolation an-
imation. The destination is offset +20 cm along the X axis,
and %45, 90, 135° along either X, Y or Z, relative to the object.
A trial is completed by manipulating the object to the target
through any number of clutches and releasing the docked
object indicated by it turning green and freezing.

the late-trigger issue. As gaze determines the target object while
outpacing our hands, it becomes necessary to address the timing
offset for techniques not to fail during selection. One common com-
pensation strategy is a lookback, where the selection is matched to
a historic gaze-point. While task- and user-calibrated offsets have
been correctly classified in research, we implement a simpler fixed
offset lookback of 85 milliseconds [39].

Visual Feedback. For CONTROLLER techniques, we presented
the default visualisation: the controller and not the tracked virtual
hand holding it — in line with the idea of mediation, rather than
occupation of the hand. To address the absence of direct visual
anchoring in INDIRECT techniques, we introduced object-centric
cues based on prior work [34]. First, an outline appeared on the
object when targeted by the user’s gaze. Second, an abstract disc
orbited the target to convey the hand’s rotational state, mapping
the palm’s position relative to the thumb. A neutral, palm-inwards
hand posture, for example, was represented by the disc appearing
on the right-hand side of the target.

4.2 Task Design

To understand users’ expression of preshaping and how that im-
pacts the manipulation of virtual objects, we employ a 3D docking
task in VR. The object is a white box circumscribing an opaque
white Stanford bunny, while the target is a matching translucent
blue cube [34, 64]. The cube has a side length of 12.5 cm and ap-
pears 50 cm in front of the participant’s chest level, approximated
based on the HMD position. When the objects appear, the target
is animated from the object’s starting position to its final destina-
tion through linear interpolation of its position and rotation. This
presents the user with a solution to the trial, minimising potential
difficulty from visual search or complex mental rotation planning
[15, 24, 27]. It lasts ~ 670ms, informed by pilot testing on average
acquisition time (N = 12, 987ms), so as not to disrupt final rotation
planning.

We designed two variations for the starting positions. In the
"centre-out” variation, the user moves the object directly in front of
them to a more peripheral target. In the "outside-in" variation, the
positions flip, and the user brings an object from the periphery to a
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central working position. This variation models how manipulations
often start with object-framing’ [30, 37]. The "outside-in" varia-
tion is useful for promoting implicit hand control for a less noisy
measurement of preparatory movements, as the hand will naturally
move towards body-centred positions for all outside-in trials. It
consequently acts as a ’control’, allowing tests for inter-trial resid-
ual movements when compared to other docking variations. We
chose not to explicitly control hand position, which may introduce
arbitrary movements, whereas we aim to study natural behaviour.

Each trial combines a translation and a rotation component. For
translation, the target destination is uniformly randomly offset by
+20 cm along the horizontal axis. This distance was chosen based
on pilot tests to represent a simple perceivable translation within
reachable space, and the horizontal axis was selected as it covers
movements across the body. For rotation, the target orientation is
rotated by +45, 90, 135° along a single axis (X, Y or Z). This allows
to investigate clear user responses to the task while avoiding the
cognitive load of multi-axis mental rotation, which was studied
before [15, 27]. The order of rotations was uniformly random. All
trials are possible to finish in a single gesture.

To mitigate the Heisenberg effect [63], completion criteria are
checked continuously throughout the manipulation rather than
only at the moment of release. A trial is completed when the object
is within a Euclidean distance of 2.5 cm and a rotational offset of 10
degrees from the target. Then, the object turns opaque green and
locks in place, and the user can then release the object. The next trial
begins after a 0.5s delay. This affords clutching and fine-grained
corrective movements without effects from timing or tracking issues
(Figure 5). Overall, we had 4 TECHNIQUES * 18 ROTATIONS x 2
START POSITIONS x 2 REPETITIONS = 288 trials per participant.

4.3 Apparatus and Implementation

The study was implemented in Unity (2022.3.27f1) with Meta XR
SDK v71 for the Meta Quest Pro headset, which features a 90 Hz
display and a 30 Hz eye tracker. The SDK offers implementations for
the VIRTuALHAND and DIRECTCONTROLLER techniques, while the
Gaze&PincH and GAZE&CONTROLLER techniques used the SDK’s
tracking data. The reported eye-tracking accuracy for this hardware
varies from 1.5° to 3° [5, 59]. To reduce jitter, hand tracking data
was smoothed using a 1€ filter [14].

4.4 Procedure

Participants were briefed on the study, and filled out consent and
demographics form. A one-minute explanatory video was shown
before each new condition. Participants donned the headset and per-
formed eye-tracking calibration. Participants were seated in a fixed
chair without armrests. For each technique condition, participants
were given a self-paced training period in a task-less playground
environment to practice 3D manipulations until they reported feel-
ing comfortable and confident (maximum 2 minutes). They then
proceeded to the main task of two blocks. Each block contained
18 centre-out trials, followed by 18 outside-in trials. Between the
blocks, a virtual button appeared, allowing for a break. Participants
were instructed to complete the tasks as quickly and accurately
as possible. After finishing all trials for a technique, participants
completed a post-condition questionnaire. After all techniques, they
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filled out a final post-study questionnaire. The entire session lasted
approximately 60 minutes per participant.

4.5 Participants

We recruited 20 participants (12M, 8F) from the local university.
They were 22 to 29 years old (M = 25.85, SD = 1.98), right-handed
and had normal or corrected-to-normal vision. On a scale between
1 (low) and 5 (high), participants rated their experience with related
technologies. They reported a medium level with XR (M = 3.5,SD =
1.15) and 3D gestures (M = 3.15,SD = 1.23), and a medium-low
level with gaze interaction (M = 2.8,SD = 1.47).

4.6 Evaluation Metrics

We analyse data before, starting, during, and after the first ma-
nipulation of the object, based on the measurement framework
introduced above (Fig. 2):

e Preshaping Magnitude: The hand-target difference at ac-
quisition, reflecting the amount of counter-rotation expressed
by the preshaping posture relative to the task. We compute
the hand quaternion as the deviation from a consistent neu-
tral hand orientation, with the palm facing inwards.

o Effectiveness: The amount of object rotation left toward
the target orientation at release, representing the amount
of the rotation component of the task solved by the first
manipulation, as measure of the effectiveness of preshaping.

e Preparation Time: The duration in seconds between when
objects appear and the acquisition, reflecting the time taken
to perform preshaping before manipulation.

e Preparation Translation and Rotation: Hand translation
and rotation before the acquisition, reflecting the movement
of the hand needed for preshaping.

e Manipulation Time: The time elapsed during the manipula-
tion phase after acquisition and before the release, reflecting
the effort in the first manipulation as a result of the preceding
preshaping.

e Manipulation Translation and Rotation: Hand transla-
tion and the rotation during the manipulation phase, before
the release, reflecting the movement of the hand under the
constraints of the preshaping.

Data for movements and offsets is accumulated across all axes.
While we focus on analysing the first grasp to understand pre-
shaping behaviour and strategy, we use trial-level performance for
reference to help interpret preshaping results, including Trial Com-
pletion Time and the Clutch Count (number of grasps performed to
finish a trial). We also include task load with the NASA-TLX [18],
gather qualitative feedback after each technique [18], and collect a
Likert-scale (1-7) preference ranking at the end.

4.7 Results

We collected 10, 137 manipulations (defined as one grasp-and-release
sequence) across 5, 760 trials. Results of 5, 703 trials (9, 959 manip-
ulations) remain after the removal of outliers, due to accidental
object selection (24 trials completed faster than 100 milliseconds)
and malfunctions (14 accidental triggers of the system interface, 16
for consecutive failures of grasping, and 3 pre-emptive removals of
the HMD). Due to violations of normality, we applied the Aligned
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Rank Transform (ART) prior to analysis [62]. We conducted a
3-way RM-ANOVA with DIRECTNESS, MODALITY, and ROTATION
(Holm-corrected). For rating data, we performed Friedman tests and
Wilcoxon signed-rank post-hoc tests (Holm-corrected). A summary
of all main and interaction effects is presented in Table 1. We report
and expand the significant effects of DIRECTNESS and MODALITY in
text, while ROTATION main and interaction effects are presented in
Table 1 and figs. 6 to 14 for brevity. Error bars in figures represent
95% confidence intervals; note the non-zero y—axis, as we focus on
comparing interactions.

Table 1: Summary of Aligned Rank Transform RM-ANOVA
on the dependent variables. Significant effects are high-
lighted in grey.

ANOVA ANOVA
Effect df F P t]?, Effect df F P 17[27
Preshaping Magnitude Manipulation Time
D 1, 209 42.79 <.001 0.170 D 1,209 68.07 <.001 0.246
M 1,209 105.00 <.001 0.334 M 1,209 75.04 <.001 0.264
R 2,209 435.75 <.001 0.807 R 2,209 10.98 <.001 0.095
DxM 1,209 1.05 0.308 0.005 DxM 1,209 4.85 0.029 0.023
DxR 2,209 6.05 0.003 0.055 DxR 2,209 1.76 0.174 0.017
MxR 2,209 78.13 <.001 0.428 MxR 2,209 5.00 0.008 0.046
DxMxR 2,209 179 0.169 0.01 DxMxR 2,209 0.02 0.979 0.000
Effectiveness Manipulation Translation
D 1,209 6.54 0.011 0.030 D 1,209 16.18 <.001 0.072
M 1,209 36.13 <.001 0.147 M 1,209 166.10 <.001 0.443
R 2,209 341.93 <.001 0.766 R 2,209 0.89 0.412 0.008
DxM 1,209 0.06 0.811 0.000 DxM 1,209 0.00 0.969 0.000
DxR 2,209 3.24 0.041 0.030 DxR 2,209 0.07 0.934 0.001
MxR 2,209 2.57 0.079 0.024 MxR 2,209 0.44 0.642 0.004
DxMxR 2,209 0.03 0.969 0.000 DxMxR 2,209 0.99 0.374 0.009
Preparation Time Manipulation Rotation
D 1,209 28.48 <.001 0.120 D 1,209 2.53 0.113 0.012
M 1, 209 113.77 <.001 0.352 M 1,209 0.83 0.363 0.004
R 2,209 107 0.344 0.010 R 2,209 83.25 <.001 0.443
DxM 1,209 30.93 <.001 0.129 DxM 1,209 1.27 0.261 0.006
DxR 2,209 0.32 0.727 0.003 DxR 2,209 2.41 0.092 0.023
MxR 2,209 0.16 0.850 0.002 MxR 2,209 142 0.245 0.013
DxMxR 2,209 0.25 0.780 0.002 DxMxR 2,209 0.17 0.847 0.002
Preparation Translation Task Completion Time
D 1,209 339.94 <.001 0.619 D 1,209 188.53 <.001 0.474
M 1,209 25.68 <.001 0.109 M 1,209 350.62 <.001 0.627
R 2,209 0.58 0.563 0.005 R 2,209 182.57 <.001 0.636
DxM 1,209 0.04 0.847 0.000 DxM 1, 209 49.68 <.001 0.192
DxR 2,209 0.03 0.968 0.000 DxR 2,209 3.39 0.035 0.031
MxR 2,209 0.10 0.906 0.001 MxR 2,209 15.93 <.001 0.132
DxMxR 2,209 0.01 0.987 0.000 DxMxR 2,209 175 0.177 0.016
Preparation Rotation Clutch Count
D 1,209 48.57 <.001 0.189 D 1, 209 5135 <.001 0.068
M 1,209 127 0.261 0.006 M 1,209 80.16 <.001 0.277
R 2,209 5.10 0.007 0.047 R 2,209 279.00 <.001 0.728
DxM 1,209 23.79 <.001 0.102 DxM 1,209 115 0.284 0.005
DxR 2,209 0.81 0.445 0.008 DxR 2,209 1.57 0.210 0.015
MxR 2,209 0.32 0.726 0.003 MxR 2,209 1213 <.001 0.104
DxMxR 2,209 0.43 0.649 0.004 DxMxR 2,209 0.66 0.520 0.006
D = Directness; M = Modality; R = Rotation. Effect sizes ;;f, >.14 marked bold, <.06 grey.

4.7.1 Results on Preshaping Measures. At acquisition, users rotated
their hand more with DIrecT than with INDIRECT (p < .001). At
release, however, more rotation remained in the INDIRECT condi-
tion (p = .011). Across both metrics, BARE-HAND exhibited larger
rotation offsets than CONTROLLER (both p < .001).

Second, we report the accumulated-data results for the phase
before users acquired the object (figs. 8 to 10). Users translated
and rotated more, and completed the phase faster, with DIRECT
than with INDIRECT (all p < .001). Comparing modalities, users
translated more and required more time with BARE-HAND than
with CONTROLLER (both p < .001).

These effects were supported by interaction effects. The DIRECT
CoONTROLLER technique produced more rotation than all other tech-
niques (p < .001), and both BARE-HAND techniques yielded more
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Figure 6: Rotation offset between the target orientation and
that of the hand at the moment of grasping, plotted for D1-
RECT, INDIRECT, BARE-HAND, and CONTROLLER conditions,
and split between three RoTaTioN conditions (45°, 90°, 135°).
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Figure 7: Rotation offset between the target orientation and
that of the object upon releasing the first grasp, plotted for D1-
RECT, INDIRECT, BARE-HAND, and CONTROLLER conditions,
and split between three RoTaTION conditions (45°, 90°, 135°).

rotation than INDIRECT CONTROLLER (p < .05). For time, any CoN-
TROLLER version was faster than any BARE-HAND version; within
the BARE-HAND techniques, DIRECT was faster (all p < .001).
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Figure 8: Duration of the preparatory phase from the target
appearing to the moment of the first grasp, plotted for Di1-
RECT, INDIRECT, BARE-HAND, and CONTROLLER conditions,
and split between three RoTraTIoN conditions (45°, 90°, 135°).
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Figure 9: Accumulated hand translation (per frame) from
the target appearing to the first grasp, plotted for DIRECT,
INDIRECT, BARE-HAND, and CONTROLLER conditions, and
split between three RoTaTION conditions (45°, 90°, 135°).
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Figure 10: Accumulated hand rotation angle (per frame) from
the target appearing to the first grasp, plotted for DIRECT,
INDIRECT, BARE-HAND, and CONTROLLER conditions, and
split between three RoTaTION conditions (45°, 90°, 135°).

Third, we report performance during the manipulation phase
after acquisition and before the first release (figs. 11 and 12). Users
were faster and translated more with DIRECT than with INDIRECT.
Across modalities, users were faster and translated less with Con-
TROLLER than with BARE-HAND (all p < .001). Interaction effects (all
p < .001) further showed that DIREcT CONTROLLER was faster than
all other techniques, whereas INDIRECT BARE-HAND was slower
than all others.
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Figure 11: Duration of the manipulative phase from the first
grasp to its release, plotted for DIRECT, INDIRECT, BARE-
HaND, and CONTROLLER conditions, and split between three
RoTATION conditions (45°, 90°, 135°).
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Figure 12: Accumulated hand translation (per frame) from
the first grasp to its release, plotted for DIRECT, INDIRECT,
BARe-HAND, and CONTROLLER conditions, and split between
three RoraTIioN conditions (45°, 90°, 135°).

4.7.2  Results on Trial-level Metrics (Figure 13 and 14). First, DIRECT
was faster and required fewer clutches than INDIRECT (p < .001).
Considering the modalities, CONTROLLER was faster and involved
fewer clutches than BARE-HAND (p < .001).

At the interaction level, users were fastest with DIReEcT CON-
TROLLER and slowest with INDIRECT BARE-HAND, relative to all
other conditions (all p < .001). For clutching, users clutched more
with INDIRECT BARE-HAND than with DIRECT BARE-HAND (p = .016)
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and both CONTROLLER techniques (p < .001). They also clutched
more with DIRECT BARE-HAND than with either controller vari-
ant (p < .001). Between the two controller conditions, INDIRECT
CoNTROLLER resulted in more clutching (p = .045).
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Figure 13: Time taken to complete the trial, plotted for D1-
RECT, INDIRECT, BARE-HAND, and CONTROLLER conditions,
and split between three RoTaTIioN conditions (45°, 90°, 135°).
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Figure 14: Number of grasps (clutches) taken to complete
the manipulation trial, plotted for DIRECT, INDIRECT, BARE-
HaNnD, and CONTROLLER conditions, and split between three
RoTtAaTION conditions (45°, 90°, 135°).

4.7.3  NASA-TLX, SEQ Preferences (figs. 15 to 17). Analysis of sub-
jective feedback revealed significant differences between techniques
across most dimensions, including all NASA-TLX workload metrics
(all p < .001) except for Temporal Demand (p = .076): MENTAL
DEMAND (y?(3) = 20.52), PHYSicAL DEMAND (x%(3) = 29.79), PER-
FORMANCE (y?(3) = 24.96), EFFORT (y?(3) = 28.31), FRUSTRATION
(x?(3) = 24.26), and overall ToTaL Task Loap (y?(3) = 20.20). EvE
FATIGUE was significant, too (y?(3) = 16.04, p = .001). A clear pat-
tern emerged from post-hoc comparisons, where the GAZE&PINCH
technique consistently induced the highest load. It was rated as
inducing significantly higher mental, physical, and total task load,
and was also considered more frustrating and effortful than the
other techniques. This pattern extended to usability ratings, where
Gaze&PINcH was rated as providing a lower sense of control and
being more difficult for positioning and rotation. Conversely, the
DIRECTCONTROLLER and GAZE&CONTROLLER techniques generally
received the most favourable ratings, often being perceived as sig-
nificantly less demanding and easier to use than GAZE&PINCH and,
in several cases, VIRTUALHAND.

For the preference ratings, a significant overall difference was
found between the techniques (y?(3) = 11.92, p = .008). Post-hoc
comparisons (with continuity correction) showed that DiIRecTCoN-
TROLLER was ranked higher than both the GAZE&PINCH (p = .012)
and the VIRTUALHAND (p = .036). GAZE&CONTROLLER was also
found to be preferred over the GAZE&PINCH (p = .012).
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4.7.4  User feedback and Observations. User feedback indicates a
trade-off between the high physical demand of DIRECT techniques
and the cognitive load or technical fragility of INDIRECT and BARE-
HAND techniques. The most prevalent theme was the significant
physical fatigue associated with DIRECT manipulation, often de-
scribed as tiring (P5, 8, 15, 19). Despite this physical cost, the haptic
feedback and weight of the controller were frequently praised for
providing a superior sense of control and tangibility (P2, 5), with
one user noting they “have something in my hand to rotate” in con-
trast to the “grabbing nothing” feeling of BARE-HAND interaction
(P2). This sense of control was particularly evident during object
rotation, where the controller was perceived to offer a greater and
more comfortable range of motion compared to the biomechani-
cal limits of the wrist [during pinch-based manipulation] (P 1, 4).
For some participants, however, the controller provided a less in-
tuitive experience compared with VIRTUALHAND: “It feels most
natural, and I don’t need to think at all about what I am doing.”
[VirRTUALHAND ] vs. "I have to think what to do when and keep in
mind how to use the controller” (P7); “Some of the rotations are
awkward to do with the controller, compared to how I would do
it with my hands for a real object. With the controller, I can only
rotate with my wrist and forearm, not with my fingers”(P10).
While BARE-HAND techniques were praised for reducing physical
strain, their drawbacks were twofold. First, users reported frustra-
tion with technical reliability, citing inconsistent pinch detection,
jitter, and tracking failures that disrupted the workflow (P3, 11, 15,
16). Second, gaze-based techniques introduced a specific cognitive
conflict, forcing users to resolve looking at the object for selection
versus looking at the target for planning (P1, 8, 10) - “I think a
lot of the mental load came from having to look at the object to
grab it, while trying to remember the image of the reference ob-
ject” (P8, Gaze&PincH). Ultimately, user preference appeared to be
governed by a personal balance between the high physical effort
but perceived reliability of DIRECT and CONTROLLER interaction,
and the reduced fatigue but increased cognitive load and technical
challenges of INDIRECT and BARE-HAND techniques.
Observations confirmed how some users achieved larger rota-
tion during manipulation by employing in-hand rotation of the
controller through their fingers, compensating for constraints of
preshaping. Other patterns include the supinated (palm up) pre-
shaping posture for underhanded rotation along the vertical axis,
uniquely performed with VIRTUALHAND. Finally, while all partic-
ipants expressed task-informed preshaping behaviour for every
condition, it is remarkable how smaller rotations prompted little
response for GAZE&PINCH, for which participants defaulted to a
pronated, pointing hand posture, echoing previous findings [30, 34].

5 Discussion

In this section, we interpret and discuss the key findings from the
study, addressing research questions and implications.

5.1 Preshaping Behaviour and Performance

To address our first research question (RQ1) regarding preparatory
hand movements, we examined the extent to which users exhibited
preshaping behaviour. Our findings confirm that participants ac-
tively preshape their hands in preparation for manipulating virtual
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Figure 15: NASA-TLX Task Load ratings on Likert scale 1-7. DIREcT techniques were perceived as more physically demanding,
while BARE-HAND, and especially GaAzE&PINCH, induced a higher task load, requiring more effort in use.
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Figure 16: Single Ease Questions rated on Likert scale 1-7.
GAzZE&PINCH was perceived as harder to use for both trans-
lation and rotation.
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Figure 17: Preference rating for each technique on a scale
from 1 (least preferred) to 7 (most preferred).

objects. This is evidenced by a significant main effect of the required
object ROTATION on our primary preshaping measure, PRESHAPING
MAGNITUDE. Specifically, tasks requiring larger object rotations
elicited correspondingly larger preparatory hand rotations from
participants, as illustrated in Figure 6. This finding indicates that
users adjust the magnitude of their counter-rotational preshaping
response to the anticipated difficulty of the manipulation task.
This conclusion is further supported by PREPARATION ROTA-
TION, a measure of the total accumulated hand rotation during the
preparatory phase (i.e., between object appearance and the initial
grasp). The results for this measure also showed a significant main
effect of RoTaTION, With greater required object rotation leading
to more accumulated hand rotation before contact. These results
provide evidence that users perform preshaping and that the extent
of this behaviour scales with the rotational demands of the task.
In terms of task performance and user strategy, we observed
a significant effect of RoTATION on the duration of the manipula-
tive phase (MANIPULATION TIME). Remarkably, the manipulation

phase was significantly longer for tasks with smaller RoTATION
magnitudes. This suggests that when the goal seemed more at-
tainable, users attempted to complete the entire rotation within a
single grasp. In contrast, the shorter manipulation phase for larger
rotations indicates that users did not plan to complete the task
in one go, instead opting for a different strategy. This points to
clutching - releasing and re-grasping the object - as the default
user strategy for solving complex rotations, a behaviour observed
across all conditions. This interpretation is reinforced by the results
for TriaL CompLETION TIME and CLuTCH COUNT, both of which
were significantly higher for larger RoTation tasks. This aligns
with established findings in HCI on task chunking, where complex
actions are broken down into smaller, manageable sub-tasks in both
physical and virtual environments [4].

5.2 Preshaping in DIREcT and INDIRECT
Manipulation

Regarding our second research question (RQ2), our results reveal
distinct differences in preshaping behaviour between DIRECT and
INDIRECT manipulation. The primary finding from PRESHAPING
MAGNITUDE is that DIRECT techniques induced significantly more
rotational preshaping overall than INDIRECT techniques. Neverthe-
less, preshaping with INDIRECT techniques still followed a similar
pattern, demonstrating a significant increase in preparatory rota-
tion in response to higher RoTaTION levels. The difference between
the two groups was most pronounced at smaller ROTATION levels,
where DIRECT interaction elicited substantially more preparatory
movement. As the required rotation increased, the amount of pre-
shaping between the two techniques gradually converged (Figure 6).

We interpret this convergence as a result of biomechanical limita-
tions. At high RoTATION levels, the task itself demands that the hand
be rotated to an extreme angle for a successful grasp. In DIRECT
techniques, where the hand is physically coupled with the object,
it is difficult to rotate much further, thus creating a ceiling effect on
preparatory rotation. Conversely, at smaller ROTATION levels, par-
ticipants using DIRECT techniques exhibited what might be termed
‘exaggerated’ preshaping - rotating more than minimally necessary.
Further analysis of manipulation effectiveness (EFFECTIVENESS)
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shows that for high-rotation tasks, the comparable amount of pre-
shaping in DIRecT techniques led to more successful rotation com-
pletion than in INDIRECT techniques. This suggests that while the
quantity of preshaping converges at high difficulties, its quality or
effectiveness remains superior in DIRECT manipulation.

In contrast, participants using INDIRECT techniques consistently
performed less preshaping, potentially because the absence of di-
rect visual reference, in combination with the consistent lack of
feedback from physical contact, provides a weaker stimulus for
anticipatory action [30]. The reduced preparation before the grasp
appears to have been compensated for during the manipulation.
This interpretation is corroborated by the significantly longer Ma-
NIPULATION TIME observed with INDIRECT techniques, where users
required more time post-grasp to adjust and complete the rotation.
This effect was most apparent in smaller ROTATION trials, where
participants were more likely to attempt completing the task in a
single grasp, as indicated by CLuTcH COUNT.

To address RQ2, we conclude that INDIRECT manipulation in-
duces a preshaping tendency that mirrors DIRECT manipulation -
scaling with task difficulty - but is significantly reduced in magni-
tude, and perhaps quality, indicated by the defaulting to a pronated
posture observed for GAZE&PINCH. This lack of preparatory ac-
tion is subsequently compensated for with longer-lasting and more
demanding post-acquisition manipulation to achieve the same goal.

5.3 Preshaping with BARE-HAND and
CONTROLLER

In addressing our third research question (RQ3), we found that
the input MobpALITY significantly influenced preshaping behaviour.
Results from PRESHAPING MAGNITUDE indicate that BARE-HAND
interaction induced more preshaping than CONTROLLER-based inter-
action. This difference was most pronounced at smaller RoTaTION
levels and converged as the required rotation increased. This pat-
tern suggests a tendency for users to “overperform” preshaping
with their bare hands when the task is less demanding. However, at
higher RoTaTION levels, the biomechanical difficulty of rotating the
hand to extreme angles likely creates the aforementioned ceiling
effect, limiting the extent of this preparatory movement. In terms
of effectiveness, EFFECTIVENESS revealed that as the required RoTa-
TION increased, BARE-HAND manipulation became progressively
less effective than CONTROLLER manipulation. This suggests that
while BARE-HAND interaction elicits a greater quantity of preshap-
ing, this preparation is less efficient at solving the rotational task
compared to the more constrained but precise movements afforded
by the CONTROLLER.

Further analysis reveals nuances in how this preparation un-
folds. The longer PREPARATION TIME with BARE-HAND, particularly
in GAzE&PINCH, suggests that participants required more time
for cognitive processing - observing the object and planning their
grasp - rather than for executing the movement itself. This is sup-
ported by the fact that the longer duration did not result in a larger
accumulated hand rotation (PREPARATION ROTATION) overall. An
interaction effect in PREPARATION RoTATION showed that between
DirecT techniques, BARE-HAND accumulated less rotation than the
CONTROLLER yet still produced a greater final preshaping posture
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(PRESHAPING MAGNITUDE). This indicates that BARE-HAND move-
ments may be more efficient in reaching the target posture, possibly
avoiding the minor, exploratory adjustments sometimes seen with
controllers, due to the direct and unambiguous visual reference of
the hand’s orientation.

Conversely, with INDIRECT techniques, BARE-HAND interaction
resulted in more accumulated rotation (PREPARATION ROTATION),
which aligns with its greater preshaping magnitude and longer
preparation time in this condition. Despite this increased preshap-
ing, MANIPULATION TIME was significantly longer for BARE-HAND
than for CONTROLLER, particularly at smaller RoTATION levels where
more preshaping was observed. This relationship - more prepara-
tion leading to longer manipulation - suggests that users have less
precise control over their preshaping with bare hands. The larger
MANTIPULATION TRANSLATION with BARE-HAND further supports
this interpretation, indicating less stable or consciously controlled
hand movements than with CONTROLLER.

To compensate for impaired precision, participants appear to
have adopted a strategy of increased clutching. The results from
CrutcH CouNT show that participants performed more clutches
with BARE-HAND, particularly in tasks with larger rotations. To
address RQ3, we conclude that while CONTROLLER is associated
with more performant preshaping, the magnitude and efficiency
of preparatory rotation with BARE-HAND interactions depend on
the DIRECTNESs dimension. Participants appear to compensate for
the inherent imprecision of bare-handed manipulation by adopting
a strategy of more frequent clutching, while holding a controller
uniquely afforded in-hand rotations as a compensatory strategy.

5.4 Implications

Clutching. One item of interaction that is closely related to pre-
shaping is interaction overhead in the form of clutching. In compre-
hensive surveys on 3D object interactions, such as the one by Arge-
laguet et al. in 2013 [4], we find that almost 20% of the techniques
require some form of clutching as part of their main interaction
mechanism. This is in agreement with theory work from Bowman,
where it is described how to perform large manipulations on distant
objects that users must repeatedly grab, rotate, and release to be able
to complete via clutching [9, 10]. And perhaps the only alternative
to clutching is a compromise with larger CD-gains. However, that
also implies anisomorphic mappings, which are harder to control,
like the Go-Go technique [43]. Our results empirically underpin the
idea that if we achieve well-informed preshaping, the number of
clutches can be minimised, therefore highlighting the implication
of preshaping to a full interaction performance. We further show
the preshaping magnitude different interaction techniques afford
by default, and thus speculate on how to support the preshaping be-
haviour of users. For example, a system could, based on preparatory
motions, infer that a rotation is being prepared and present a mo-
mentary visual feedforward of the hand in a task-optimised posture,
proactively guiding the user [36, 65]. In extension, it is also worth
noting that preshaping can only be facilitated by understandable
task requirements, and that any sufficiently complex manipulation
suppresses preshaping as mental rotation effort rises, leading to
clutching. Consequently, we suggest that designers always consider
whether applications could present manipulation tasks in a way
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that guides the user to better perceive spatial affordances, e.g. by
increasing model detail, adding depth cues, and lowering angular
disparity whenever possible.

Guiding Hands through Sensory Feedback. It is always the
case that hand posture converges to neutral, when spatial reasoning
fails, to the detriment of task performance [2, 37]. We can now show
how input techniques further complicate preshaping when decou-
pling targeting (gaze) from the manipulator (hand) as it happens
in GAZE&PINCH. Indeed, our results confirmed a hinted “preshap-
ing deficit” for the established gaze-assisted INDIRECT BARE-HAND
[30, 34]. We found that preparatory action had significantly worse
carry-over to interaction performance. Meaning, the deficit is paid
for through longer, less efficient and effective post-acquisition ma-
nipulations. This finding is immediately relevant for the growing
number of systems that rely on gaze, and other indirect manual
selection methods, like the hand-raypointing, which enforces strict
constraints on preshaping [30, 34]. To mitigate potential deficits,
indirect manipulation techniques should strive to better benefit
from the additional motorspace freedom and could extend on the
pre-selection feedback mechanisms included in this and prior work
[34, 54]. For example, once a user’s gaze dwells on a manipula-
ble object, the system renders a hand-centric visual proxy or an
object-local indicator that dynamically responds to the user’s hand
orientation. This would encourage users to perform the necessary
preparatory rotation before locking the connection to the object,
reinforcing the preshaping phase for interactions that otherwise
rely purely on proprioception. Future work should focus on design-
ing and evaluating such feedback systems to determine how to best
guide users toward effective preparation without being intrusive,
thereby improving the performance and intuitiveness of a wide
range of indirect interaction techniques.

Preshaping as Signal. This study validates that preshaping
kinematics encode user intent before a manipulation is executed.
Future research could leverage this by developing anticipatory in-
terfaces that interpret this continuous stream of kinematic data, not
as a precursor to a single grasp type, but as a probabilistic indicator
of a desired outcome. Instead of relying on a discrete command-
response model (e.g., point, confirm, manipulate), these systems
could classify a user’s intent based on the dynamics of their prepara-
tory movements. For instance, the velocity and aperture of a hand’s
approach could dynamically adjust CD-gain for the subsequent
manipulation. An expansive, open-handed approach might signal
an intent for large-scale translation, causing the system to preemp-
tively raise CD-gain. A tense, precise pincer posture might signal a
need for fine-grained rotation, prompting the interface to offer a
temporary rotational stabiliser or automatically separate the rota-
tional DOFs [47]. A hesitant or unstable approach might trigger the
display of virtual aids, such as rotational guides or snapping points.
This reframes XR interaction design from the creation of explicit
tools to a symbiotic human-computer interaction, where the system
preemptively adapts its state to augment the user’s forthcoming
actions, reducing cognitive load and improving performance.

5.5 Limitations & Future Work

The different preshaping behaviour between BARE-HAND and CoN-
TROLLER could further be affected by the weight of the controller,
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changing the most efficient movement pattern. Similarly, the tan-
gibility of and thus the ability to rotate the controller further in
the hand without rotating the hand itself should be noted as an
emergent, unexpected variable. The study and its conditions were
designed to ensure controlled variance in the manipulation, to fo-
cus on the preceding behaviour, while even minimal differences
between techniques, such as the pivot-point, influence coordination
throughout the interaction in the abstract docking task. Further
study of realistic application use would be interesting to validate the
findings. This work provides evidence of behavioural variation be-
tween techniques with controlled similarities, e.g. how selection is
performed by the closure of the index-to-thumb. Other techniques
will provide different constraints in both acquisition and manipula-
tion to which preshaping must adapt. Further studies could examine
how grab-points and other grasping gestures or handheld devices
may afford different preshaping patterns, e.g., full-hand grasping,
gloves or haptic controllers [29]. This work also focused on abstract
cubic objects for modelling general manipulation. Our results are
likely to generalise to objects with similar properties, and it would
be interesting to extend the study to different preshaping cues, such
as objects with handles.

This paper did not explore the role of preshaping in far-field
indirect interactions. Common techniques used for remote inter-
action, such as manual ray-pointing, have been shown to severely
constrain the freedom of the arm and hand by enforcing a stabilised
pointing sub-task for acquiring an object [34]. It would be interest-
ing to investigate the preshaping behaviours and compensations
of remote manipulation when the task goes beyond selection and
dragging, comparing common techniques with very different mo-
torspace freedom, e.g. hand- or arm-based ray and GAZE&PINCH.
Such experiments would contribute fundamental knowledge on
how to design interactions for objects outside of reach.

6 Conclusion

This work advances our understanding of interaction in XR and
the different behavioural patterns that influence our performance
of virtual object manipulation. Highlighting additional trade-offs
to the different interaction methods beyond speed and ergonomics,
we provide a causal explanation for the fact that some techniques
are more prone to clutching than others in 6DOF translation and
rotation tasks.

Furthermore, our work emphasises the need to analyse 3D object
interactions as a compound of fundamental actions that influence
each other; this principle is evident when we consider selection as
a separate action from confirmation, which nonetheless has carry-
over effects. Our experiments characterise and show the carry-over
effects of preparatory and coordination actions in the form of pre-
shaping across DIRECTNEsS and MODALITY, represented by the man-
ual interaction techniques VIRTUALHAND, DIRECTCONTROLLER, and
the gaze-assisted indirect GAzZE&PINCH and GAZE&CONTROLLER.
We found that preshaping scales with anticipated task difficulty
for all techniques, while DIRECTNEss and MoDALITY further modu-
late the response patterns. Direct techniques induce intuitive be-
havioural patterns resulting in effective posing of the hand. Con-
versely, indirect techniques elicit efficient but attenuated and in-
effective responses in the absence of hand transport. Future XR
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systems should therefore be designed to interpret and support these
behavioural patterns for effortless 3D manipulation.
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