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ABSTRACT

Hand-tracking based 3D object manipulation in Extended Reality
(XR) typically employ a pinch gesture for acquisition and manip-
ulation through a direct mapping from 6-degree-of-freedom (DOF)
hand movement to that of the object. In this work, we investigate
the effect of separating this mapping to concurrent 3DOF controls
(DOF-Separation) of translation and rotation of the virtual object
using the position and orientation of the hand independently. We
aim to understand how DOF-Separation could ease manipulation
for different techniques with varying requirements for hand position
and orientation during acquisition, including Virtual Hand, Hand
Ray, and Gaze&Pinch. Through a user study that features a docking
task in VR, we found that DOF-Separation significantly improves
the manipulation performance of Hand Ray, while improving that
of Virtual Hand only in difficult tasks of combined translation and
rotation. We suggest future XR systems to adopt DOF-Separation
for input in manipulation-heavy applications, e.g., 3D design.

Index Terms: gaze input, 3D manipulation, extended reality, VR

1 INTRODUCTION

3D interaction is widely recognised as a key challenge for XR [3, 5].
While interaction with 2D interface elements, such as windows,
buttons, and scrollbars follow the “WIMP” metaphor [45], acquir-
ing and manipulating a virtual object in 3D space is a unique af-
fordance of XR. Modern XR devices typically feature 6 degrees-
of-freedom (DOF) hand-tracking for 3D input techniques, useful
to operate a variety of tasks from basic object manipulation to so-
phisticated CAD design and advanced workflows in 3D modelling,
gaming, architecture, automotive, and manufacturing [23, 30]. For
instance, popular design software like Arkio [1] allow users to ma-
nipulate distant objects in context for a broad overview while also
enabling rapid, precise adjustments to elements in their immediate
near-space. These techniques implement different movement map-
pings between the hand and the target object for acquisition follow-
ing different metaphors. Virtual Hand renders users’ hands in their
physical locations for direct manipulation of virtual objects within
reach. Hand Ray extends the user’s reach to acquire an object over
a distance using a ray originating from their hand, usually com-
bined with a pinch gesture to confirm pointing. Gaze&Pinch frees
the hand from pointing by replacing it with eye gaze, combined
with a pinch gesture performed from anywhere. Each acquisition
metaphor has unique requirements for the position and orientation
of the pinching hand that affect its capabilities of subsequent ma-
nipulation. In this work, we investigate how 3D input techniques
could improve manipulation capabilities by untangling it from the
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preceding acquisition task using DOF-separation.
Pinching marks the end of the acquisition task and the beginning

of the manipulation task, while the former determines the complex-
ity of the latter through its different requirements for the hand at
pinch: Virtual Hand demands the position of the pinch point to be
on the object, Hand Ray demands the hand to be pointing toward the
object, whereas Gaze&Pinch does not require any spatial configura-
tion of the hand. These different restrictions significantly affect the
difficulty of the subsequent manipulation. For instance, whereas
Gaze&Pinch allows a user to easily rotate an object in-place for
180° by flexing the wrist joint of the pinching hand, the same task is
nearly impossible with Hand Ray due to the tight coupling between
the hand orientation and the displacement of the manipulated ob-
ject. Novel solutions have been proposed that address this issue by
easing the restrictions on the hand for acquisition and manipulation.
MRTK [8] and Leap Motion [44] have implemented versions of the
Hand Ray employing a shoulder-stabilized vector that decouples
the orientation of the hand from acquisition, such that hand rotation
post-acquisition cause the object to rotate in-place. This separated
mapping of 6DOF hand movement into 3DOF controls of trans-
lation and rotation has been formalised as “DOF-Separation” [31].
By dividing the manipulation task to the translational and rotational
movements of the hand, DOF-Separation significantly strengthens
the manipulation capabilities of Hand Ray.

Though the benefit of DOF-Separation seems obvious for Hand
Ray, its effects on Virtual Hand and Gaze&Pinch are unclear.
Whereas separating translation and rotation theoretically frees the
hand from orienting for acquisition in all techniques, it breaks the
direct manipulation metaphor of Virtual Hand, and may have little
effect on Gaze&Pinch. In this paper, we present a study that con-
tributes novel understandings of single-hand pinch-manipulation
of virtual objects by investigating the interplay between Input-
Metaphor (Virtual Hand, Hand Ray, Gaze&Pinch) and DOF-
Separation (Integrated and Separated) of the 6DOF hand movement
into 3DOF controls of translation and rotation. We implemented
six techniques (Figure 1) and compared them in a VR docking task
with varying complexity levels: Translation, Rotation, and Com-
bined. Overall, our results suggests that DOF-Separation benefits
Hand Ray in all tasks by imposing less restriction on the orienta-
tion of the hand. For Virtual Hand, similar performance benefits
are found in more complex tasks where the extra freedom of hand
orientation is helpful. Conversely, Gaze&Pinch is less affected by
DOF-Separation due to its relaxed requirement for the hand at ac-
quisition. Based on our findings, we recommend DOF-Separation
at the wrist joint for Hand Ray and for Virtual Hand in use cases
where frequent complex manipulation tasks are expected, such as
in 3D designing and modelling applications.

2 RELATED WORK

We summarise the state-of-the-art 3D hand-based interaction tech-
niques in XR including Virtual Hand, Hand Ray, and Gaze&Pinch
with varying requirement of hand position and orientation for ac-
quisition and subsequent 6DOF manipulation. We also revisit re-
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Figure 1: To efficiently manipulate in 3D space, current XR systems
support three common input methods for 6 degrees-of-freedom
(DOF) object manipulations: direct grasping with a unified in-
put/output mapping, as well as gaze and hand-ray-based input
where the hand is decoupled from the manipulation object. In our
study, we examine how this affects 3D object docking (translation +
rotation) tasks, for both DOF integration and separation mappings
to uncover the speed-accuracy performance trade-offs.

lated work on using DOF-separation to map hand movement to
3DOF controls for easier manipulation.

2.1 3D hand-based interaction techniques in XR

Equipped with advanced hand tracking, state-of-the-art XR sys-
tems typically support Virtual Hand input techniques that render
the user’s hands in the virtual dimension to interact with virtual ob-
jects by touching and pinching [23]. Virtual Hand is often regarded
as the “most natural” due to its emulation of hand interaction in
the physical reality, and to the direct 6DOF mapping between the
movement of the user’s hand and of virtual objects [30].

To extend user’s access to the virtual space beyond reach, previ-
ous work has explored different means to acquire and manipulate
distant objects while adapting the Virtual Hand metaphor [37, 18].
Poupyrev et al. proposed the “go-go” technique that prolongs the
user’s arm to reach distant objects, allowing for seamless direct
manipulation for near and far objects [37]. Bowman and Hodges
proposed the “HOMER” (Hand-centred Object Manipulation Ex-
tending Ray-casting) technique that enabled a movement mapping
that is intuitive to learn and use [6, 52]. These techniques similarly
involve a “teleporting” of the user’s gestures toward the direction
of the target object that the hand is pointing at, to enable Virtual
Hand interaction over distances. Following this metaphor, many
modern XR systems adopt Hand Ray as the default option for dis-
tant 3D interaction. These techniques use a virtual ray originating
from or relying on the user’s hand as a pointer, while acquisition
is confirmed with a pinch gesture. Some of these systems imple-
ment a “stick” metaphor for manipulation, including the Meta XR
SDK. In these cases, the ray becomes rigid upon pinching, and sub-
sequent wrist flexion will result in the displacement of the object.
Conversely, Mixed Reality Toolkit (MRTK) [8] and Leap Motion
guidelines [44] adopt a Hand Ray that originates from the user’s
shoulder (or shoulder and wrist) position and is aimed through the
hand, enabling the use of wrist movement to control the egocen-
tric rotation of the object without displacement. This approach ad-

dresses the limitation of the “stick” metaphor by freeing hand rota-
tion from the pointing task.

Previous work explored gaze pointing to replace Hand Ray while
further freeing the hand and arm from acquisition [43, 56]. For in-
stance, Apple Vision Pro adopts Gaze&Pinch as its default input
technique for system navigation [35]1. Gaze&Pinch enables acqui-
sition by looking at the target while performing a pinch gesture with
the hand being anywhere within the tracking range, and subsequent
manipulation through a direct mapping between 6DOF hand move-
ment and that of the object [35]. The combination of indirect point-
ing and the direct movement mapping has been explored to suc-
cessfully enable bi-manual 3D manipulation in XR [26]. Compar-
ing with Hand Ray, Gaze&Pinch enables distant interaction with-
out requiring the hand to point at the object. This property enables
users to move the hand to extreme positions to anticipate a complex
manipulation task without hand clutching. In this work, we evalu-
ate how the different requirements for the position and orientation
of the pinching hand for acquisition using Virtual Hand, Hand Ray,
and Gaze&Pinch affect the incorporation of an alternative control
mapping from the 6DOF hand movement to separate 3DOF trans-
lation and rotation of the object.

2.2 DOF-Separation for 3D object manipulation in XR

Moving and orienting virtual objects in the 3D space is a unique
affordance of XR and a challenge for interaction design due to the
complexity of the task [10, 17, 19, 32]. Previous work has explored
different approaches for easier manipulation, including World In
Miniature metaphors that allow users to use smaller-scale proxies
to manipulate distant objects [34, 36, 41], bi-manual input for two-
point control [28, 26], varying the control-display gains for the con-
trol mapping between movement of hand and of object [14, 9], and
the use of virtual handles, constraints, widgets, and gizmos to break
down the 6DOF movement into lower DOF controls that are easier
to perceive and perform [15, 12, 40, 31, 32, 42, 58] (for reviews,
see [4, 30]).

The concept of mapping higher-DOF input to lower-DOF control
has been explored and discussed in interaction design. For com-
puter input devices in general, Jacob defined integrality as allowing
users to manipulate all tasks dimensions at once, and separability
as supporting the control of different dimensions individually [20].
For 3D manipulation, integrality and separability can be applied to
the task space, such as using 6DOF hand movement to drag vir-
tual handles or gizmos to translate or rotate objects in single di-
mensions [40, 31, 32]. Evaluation studies of DOF-Separation have
shown mixed results depending on the context. For instance, in an
orientation task, users may be faster with a 1DOF technique than
with a 3DOF technique without sacrificing precision [46]. How-
ever, studies of 3DOF [32] and 6DOF [21, 11] interactions consis-
tently demonstrate that simultaneous manipulation enhances user
performance, and is universally recommended [21, 19, 30].

Previous work has also explored applying DOF-Separation to the
control space by mapping 6DOF hand movement to translation and
rotation of the object concurrently, similar to how the MRTK Hand
Ray uses hand position and orientation [8, 11]. In a review of 3D
virtual object manipulation, Mendes et al. reported an observed
lack of techniques that employ DOF-separation for hand movement
while most techniques mimic physical world interactions using
the Virtual Hand metaphor, despite suffering from human inaccu-
racy [30]. Previous work has found that DOF-Separation can offer
precise control over sub-tasks without interference from concurrent
dimensions [51, 54, 59]. Specifically, the AMP-IT technique, using
simultaneous ray-pointing and adaptive control-display gains, was
found to benefit from DOF-Separation while retaining the benefit
of direct manipulation [14, 38]. Inspired by these work, we investi-

1https://support.apple.com/guide/apple-vision-pro



gate the effect of DOF-Separation on manipulation performance of
different techniques with varying requirement of the hand.

3 STUDY

In this section, we present a user study that is designed to answer the
Research Question: What are the different impacts of the sep-
arate mapping of 6DOF hand movement to concurrent 3DOF
controls of translation and rotation on the performance of vir-
tual object manipulation using Virtual Hand, Hand Ray, and
Gaze&Pinch techniques? We describe the design of a within-
subject study featuring a docking task in virtual reality (VR), and
the design and implementation of six techniques as conditions.

3.1 Study design

We employ a within-subject study design with two indepen-
dent variables Input-Metaphor (Virtual Hand, Hand Ray, and
Gaze&Pinch) and DOF-Separation (Integrated and Separated) that
derive 2× 3 = 6 techniques as conditions. Previous work on ma-
nipulation commonly adopted docking tasks that encapsulate selec-
tion, translation and rotation, which are the basic building blocks to
form many complex interactions [39, 4, 30]. Docking tasks can be
investigated separately for translation and rotation [52, 13, 46] or
together to understand the suitability of integrated techniques [49,
55, 24]. Previous evaluations of multi-DOF manipulation typically
involves docking tasks that allow clutching—using multiple con-
secutive gestures to complete a trial [57, 25, 38, 11]. Whereas the
trial completion criterion in these studies is based on an accuracy
threshold that helps quantify performance using completion time,
it provides limited insight into the combined ease and accuracy af-
forded by the technique in a similar way to Fitts’ Law tasks for
evaluating selection [27]. To address this, we employ a docking
task that can be completed using a single gesture without using an
accuracy threshold. While measuring both speed and accuracy as
the goal of the evaluation, our results emphasize users’ ability to
accurately manipulate using a single pinch [4].

3.2 Design of Interaction Techniques

We describe the interaction techniques used in the study. By join-
ing Input-Metaphor and DOF-Separation, we have six manipulation
techniques: Integrated Virtual Hand (VHI), Separated Virtual Hand
(VHS), Integrated Hand Ray (HRI), Separated Hand Ray (HRS),
Integrated Gaze&Pinch (GPI), and Separated Gaze&Pinch (GPS).
Following common practice and for consistency with Virtual Hand,
we implement a visual-angle-based translation mapping for Hand
Ray and Gaze&Pinch, such that the manipulated object travels the
same angular distance around the user as the pinching hand.

3.2.1 Virtual Hand

VHI uses a 1:1 mapping between the 6DOF movement of the
pinching hand to that of the object. Following common practice,
we chose the tip of the thumb to represent the point of acquisition
and map its changes in position and orientation to the translation
and rotation of the manipulated object post-acquisition (Figure 2a).

For VHS, we separate the translation mapping from the pinch
point to the wrist joint to allow a more independent rotation with-
out affecting translation. Hand rotation post-acquisition in VHS is
mapped to egocentric rotation of the object, reducing unintended
translation of the object caused by e.g. wrist flexion. Additionally,
to balance the effective virtual reach between the two techniques,
we compensated for the different translation origin of VHS. A for-
ward offset, matching the distance from the wrist to the thumb, was
applied when computing the CD-mapping, to ensure that the object
remained at the pinch-point in the absence of rotation, consistent
with VHI (Figure 2b).

(a) DOF-Integrated Virtual Hand (VHI ).

(b) DOF-Separated Virtual Hand (VHS).

Figure 2: Acquisition and manipulation using Virtual Hand. User
reach towards the object and pinch to acquire it. When they ma-
nipulate: (a) the object translates following translation of thumb
at pinch point (marked by translation gizmo), and rotate following
the orientation of the thumb also at pinch point (marked by rotation
gizmo) (b) the object translates following translation of wrist joint
(marked by translation gizmo), and rotates following the orienta-
tion of the thumb at pinch point (marked by rotation gizmo).

3.2.2 Hand Ray
We implement HRI following the example of the Hand Ray input
from the Meta XR SDK [33], where both translation and rotation
mappings are integrated at the base of the hand. This can be con-
sidered as a “stick” metaphor via a wrist-based ray, where only the
pronation and supination of the hand is applied exactly to the object
as “roll” through the acquisition point. The two remaining rotation
DOFs of hand movement determine the pointing direction, and are
mapped to object translation during manipulation after acquisition.
Visual feedback for pointing and acquisition is rendered through a
circular cursor on the object that shrinks in radius upon pinching,
and a small directional ray at the hand, following the implementa-
tion of Quest devices [33] (Figure 3a).

HRS follows the implementation style and feedback of the Hand
Ray defined in MRTK [8] and Leap Motion [44] by casting the
ray from the midpoint of the estimated shoulder position and the
wrist through the hand, thus freeing the hand from the pointing task
for acquisition. Upon pinch-acquisition, change in orientation of
the hand relative to the wrist joint is mapped to rotation control
of the object, without affecting its position (Figure 3b). For HRS,
we render the ray to help users understand the pointing direction
due to its abstract origin and deliberate decoupling from the hand’s
orientation.

3.2.3 Gaze&Pinch
We implemented GPI following common practice as described by
Pfeuffer et al. [35] and by Apple2. By using gaze for pointing, the
hand is free to pinch to confirm acquisition and to initiate manipu-
lation from any point in reachable space (Figure 4a). This feature
of acquisition allows the upper limb to perform a bigger range of
preparatory movement needed for the manipulation task. However,
because the hand is away from the object, it is unclear how the user
can comprehend how the orientation of their hand relative to the
object may affect the preparation for rotation. Previous work sug-

2https://support.apple.com/guide/apple-vision-pro



(a) DOF-Integrated Hand Ray (HRI ).

(b) DOF-Separated Hand Ray (HRS).

Figure 3: Acquisition and manipulation using Hand Ray. (a) User
points towards the object using virtual ray originating from the
hand and changes direction following change in hand orientation.
The grey cursor indicates current pointer on object surface, where a
pinch confirms acquisition, upon which the cursor turns blue. Dur-
ing manipulation, the object translates and rotates as if the user was
holding it by a stick represented by the ray (marked by translation
and rotation gizmos) (b) User points towards the object using a ray
originating from the shoulder and points through the hand. Dur-
ing manipulation, the object translates as if the user was holding
it by a stick originating at the ray origin (marked by translation
gizmo), and rotates following the rotation of the thumb at pinch
point (marked by rotation gizmo).

gested that the spatial referencing of the hand during Gaze&Pinch
manipulation is important for its performance [26]. For this reason,
we designed a visual feedback system to compensate for the lack
of visual access of the (representation of) hand in comparison to
Virtual Hand and Hand Ray. Upon gaze-hover in Gaze&Pinch, the
object is highlighted, and the user sees an indicator of the hand rel-
ative to the object in the form of an abstract curved disc. This disc
rotates around the object following the change in orientation of the
hand, representing the palm during natural prehension. The disc
responds to pinch by shrinking in size similarly to the HRI cursor.

The control mapping in GPS is analogous to VHS and HRS, with
changes in hand orientation mapped to egocentric rotation of the
object after acquisition, without causing translation (Figure 4b).

3.3 Task

Following suggestions and examples from previous work, we em-
ploy a docking task in VR to understand users’ ability to accurately
manipulate virtual objects using the six techniques [30, 4]. To un-
derstand the effect of Input-Metaphor and DOF-Separation on dif-
ferent components and difficulty levels of the manipulation task,
we adopt three types of tasks: Translation, Rotation, and Combined
translation and rotation (Figure 5). In each task, the user needs to
acquire an object with their dominant hand and then dock the object
at a matching target [4].

We designed the object for manipulation as a white semi-
transparent cube inscribing an opaque Stanford bunny [56]. A trial
starts upon object appearance and ends on pinch release. The cube
has a side length of 12.5 cm and appears in reachable distance 50
cm in front of the participant’s chest level, approximated based on
the position of the VR headset. At the beginning of each trial, the
object and the target appears overlapping, then the target is ani-

(a) DOF-Integrated Gaze&Pinch (GPI ).

(b) DOF-Separated Gaze&Pinch (GPS).

Figure 4: Acquisition and manipulation using Gaze&Pinch. User’s
gaze on the object triggers the rendering of a yellow outline and a
virtual disc around the object. A pinch gesture confirms the acqui-
sition of the gaze-pointed object. During manipulation, (a): the ob-
ject translates following the translation of the thumb at pinch point
(marked by translation gizmo), and rotates following the rotation of
the thumb at pinch point (marked by rotation gizmo); and (b): the
object translates following the translation of wrist joint (marked by
translation gizmo), and rotates following the rotation of the thumb
at pinch point (marked by rotation gizmo).

mated to its final destination through linear interpolation in trans-
lation and rotation. This presents to a user an optimal integral so-
lution to the trial, minimising potential task difficulty caused by
visual clarity and mental effort for rotation planning.

For the Translation task, only the position of the target is changed
relative to the object while they face the same direction in global
coordinates. The target destination is at a ±30 cm offset along a
single axis. Each axis (X ,Y,Z) is tested with both positive and neg-
ative Euclidean distance offset in position.

For the Rotation task, only the rotation of the target is different
from that of the object with a ±45◦ angular offset, while they over-
lap in position at their pivots (centre of cube). Each axis (X ,Y,Z) is
tested with both positive and negative angular offset in rotation.

For the Combined task, both the translation and rotation of the
target is different from those of the object. The target destination is
at a ±30 cm offset along the X axis with ±45,90,135◦ angular off-
sets along one or two axes. Each of the 18 combinations of angular
offset and axes (X ,Y,Z,XY,XZ,Y Z) is tested, while the direction of
both translation and rotation is chosen uniformly random.

The sequence of trials for each task were chosen uniformly ran-
dom, resulting in 3 INPUT-METAPHOR ×2 DOF-SEPARATION ×
2 REPETITIONS × (6 TRANSLATIONS + 6 ROTATIONS +
18 COMBINED) = 360 trials per participant.

3.4 Participants

We recruited 18 participants (12 M, 6 F) from the local area with
age ranged from 22 to 30 (M = 25.33,SD = 2.35). All participants
were right-handed and had normal or corrected vision. On a scale
between 1 (low) and 5 (high), participants rated themselves as hav-
ing medium experience with VR/AR (M = 2.89,SD = 1.23), 3D
hand gestures (M = 2.56,SD = 1.34), and medium-low experience
with eye-gaze (M = 2.28,SD = 1.13).



Figure 5: Examples of trials in the docking task: The white (object
for manipulation) and blue (target position) cubes appear initially
overlapping at the origin point. The target immediately moves to
its final position and orientation via a linear interpolation anima-
tion. In Translation tasks (1), the target is offset ±30 cm along
either the X ,Y, or Z axis from the object. In Rotation task (2), the
target is offset ±45◦ along the X ,Y, or Z axis from the object. For
Combined tasks (3), the target is offset ±30 cm along the X axis,
and ±45,90,135◦ along either X ,Y,Z,XY,XZ, or Y Z relative to the
object. Participants then pinch to acquire the object, manipulate the
object to the target position, and release pinch to end the trial.

3.5 Apparatus and implementation
The study is implemented with Unity (2022.3.27f1) for the Meta
Quest Pro (90 Hz, 30 Hz eye tracker) using the Meta XR SDK
v67. VHI and HRI implementations are based on defaults from
the SDK, while the remaining 4 techniques rely on the SDK for
tracking data. Eye-tracking accuracy varies from 1.5◦ to 3◦ [50, 2]
and all techniques use the same selection collider, 1:1 with visu-
als. Hand tracking data was filtered through a 1C Filter [7] for all
techniques. Pinch-detection was tweaked, using the SDK’s pinch
strength parameter, towards early acquisition rather than early re-
lease - meaning that a participant encounters fewer frustrating early
releases, but may encounter more early acquisitions and late re-
leases, based on how the system evaluates the tracked hands. This
detail is important as the tasks necessitates complex hand move-
ment that challenge the tracking system.

3.6 Procedure
Participants were briefed and completed consent and demographics
forms. Afterwards, and before each condition, two 1-minute videos
of the techniques and the tasks were shown to understand the study
elements. Participants then wore the headset and underwent fit ad-
justment and eye-tracking calibration. Throughout the study, users
remained seated in a fixed chair that only afforded the movement
of their upper body. For each condition the participant underwent
fitting calibration were first allowed training in a task-less environ-
ment. They would manipulate the object using the current tech-
nique until comfortable in its use. The participant would then solve
12 Translation trials, 12 Rotation trials and finally 36 Combined
trials, in this order. They were instructed to be as fast and as ac-
curate as possible. Between each task the participants could take
a break. After each condition (technique), participants completed
a post-condition questionnaire. After finishing all conditions, the

participants completed a final post-study questionnaire. The study
took 80 min on average.

3.7 Evaluation metrics
We include the following measures.

• Positional Offset: The offset between the manipulated ob-
ject and the target centres in Euclidean distance, representing
translation accuracy.

• Rotational Offset: The angular offset between the manipu-
lated object and the target aggregated along all 3 axes, repre-
senting rotation accuracy.

• Trial Completion Time: Time from start (object appears) to
end (pinch release).

• Acquisition Time: Time from start (object appears) to acqui-
sition (pinch down).

• NASA-TLX: Task load was measured after each condition us-
ing the NASA-TLX questionnaire [16].

• Post-Study User Feedback: After completing all conditions,
the participants scored each of the six techniques in terms of
preference and provided feedback about their choices.

• Observations: During the study, the experimenter observed
participant behaviour.

4 RESULTS

For performance data, we filtered outliers (99 trials, 1.5%) by Trial
Completion Time when exceeding Mean±3 ·SD. Furthermore, due
to data loss, 16 out of the expected 6480 trials (0.2%) are miss-
ing. For the selection performance data, we applied the Aligned
Rank Transform (ART) due to persisting deviations from normal-
ity [53]. Next, we performed a repeated measures ANOVA with
the task performance, and post hoc pairwise comparisons (Homl-
Bonferroni corrected). We present the task performance results in
Figures 6 to 8, in which the error bars indicate 95% confidence in-
terval and statistical significance is shown as * for p < .05, ** for
p < .01, and *** for p < .001. We mark the significant main ef-
fect of Input-Metaphor and interaction effects on Input-Metaphor x
DOF-Separation. For NASA-TLX and user ratings, we performed
a Kruskal-Wallis Test with post-hoc Dunn tests (Holm-Bonferroni
corrected) [29]. We present the TLX results in Figure 9 and subjec-
tive ratings in Figure 10, with significant effects marked.

4.1 Positional Offset (Figure 6)
For Translation task, we found significant effects in Input-Metaphor
(F2,85 = 20.85, p < 0.001), DOF-Separation (F1,85 = 5.41, p =
0.022), and Input-Metaphor x DOF-Separation (F2,85 = 5.29, p =
0.007). Post hoc comparisons show that Hand Ray induced
more Positional Offset than both Virtual Hand (p < 0.001) and
Gaze&Pinch (p = 0.003), and Gaze&Pinch induced more Posi-
tional Offset than Virtual Hand (p = 0.002). Furthermore, inter-
action analyses revealed that HRS induced more Positional Offset
for Translation than the other Input-Metaphors across both levels of
DOF-Separation (all p ≤ 0.024) (i.e., excluding HRI). Addition-
ally, VHS induced less Positional Offset than HRI (p = 0.009) and
GPI (p = 0.038), while VHI induced less Positional Offset than
HRI (p = 0.007) and GPI (p = 0.024).

For Rotation task, we found significant effects in Input-Metaphor
(F2,85 = 16.9, p < 0.001) and DOF-Separation (F1,85 = 13.92, p <
0.001). Post hoc comparisons show that Hand Ray induced more
Positional Offset than Gaze&Pinch (p = 0.001), which measured
worse than Virtual Hand (p = 0.029).



(a) Input-Metaphor. (b) Translation Task. (c) Combined Task.

Figure 6: Positional Offset between target position and the final position of the object upon release of pinch for each technique. Overall, the
offset with Hand Ray is larger than Gaze&Pinch, while Virtual Hand yielded the lowest offset. This trend is consistent across all tasks.

(a) Input-Metaphor. (b) Translation Task. (c) Rotation Task. (d) Combined Task.

Figure 7: Rotational Offset between target orientation and the final orientation of the object upon release. Separated techniques yielded
similar Rotational Offsets. Virtual Hand yielded the lowest offsets, while HRI is the least accurate, performing significantly worse than HRS.

For Combined task, we found significant effects in Input-
Metaphor (F2,625 = 30.19, p < 0.001), DOF-Separation (F1,625 =
12.13, p< 0.001), and Input-Metaphor x DOF-Separation (F2,625 =
4.71, p = 0.009). Post hoc comparisons revealed that Hand Ray in-
duced more Positional Offset than both Virtual Hand (p < 0.001)
and Gaze&Pinch (p < 0.001), and Gaze&Pinch induced more Po-
sitional Offset than Virtual Hand (p = 0.002). Furthermore, in-
teraction analyses revealed that HRI induced significantly more
Positional Offset than all other combinations of Input-Metaphor
and DOF-Separation (all p ≤ 0.041), while HRS induced signifi-
cantly more Positional Offset than both VHS (p < 0.001) and VHI
(p = 0.017), resulting in most of the overall difference in Input-
Metaphor. VHS induced significantly less Positional Offset than
GPS (p = 0.022) and GPI (p = 0.008).

4.2 Rotational Offset (Figure 7)

For the Translation task, we found significant effects in Input-
Metaphor (F2,85 = 25.09, p < 0.001) and Input-Metaphor x DOF-
Separation (F2,85 = 10.87, p < 0.001). Post hoc comparisons re-
vealed that Virtual Hand induced less Rotational Offset than both
Hand Ray (p < 0.001) and Gaze&Pinch (p < 0.001). Furthermore,
post hoc analyses on interaction effects revealed that HRS induced
less Rotational Offset than HRI (p = 0.003), but more Rotational

Offset than VHI (p = 0.005). VHS induced less Rotational Offset
than HRI (p < 0.001), while GPS induced more Rotational Offset
than VHI (p < 0.001). Additionally, VHI induced less Rotational
Offset that both HRI (p < 0.001) and GPI (p = 0.006). GPI in-
duced less Rotational Offset than HRI (p = 0.002), while VHS less
Rotational Offset than GPS (p = 0.003).

For the Rotation task, we found significant effects in Input-
Metaphor (F2,85 = 49.5, p < 0.001), DOF-Separation (F1,85 =
34.39, p < 0.001), and Input-Metaphor x DOF-Separation (F2,85 =
46.5, p < 0.001). Post hoc comparisons show that Hand Ray in-
duced more Rotational Offset than both Virtual Hand (p < 0.001)
and Gaze&Pinch (p < 0.001), while Virtual Hand induced less
Rotational Offset than Gaze&Pinch (p = 0.011). Furthermore,
post hoc comparisons on interaction effects revealed that HRI in-
duced more Rotational Offset than all other combinations of Input-
Metaphor and DOF-Separation (all p < 0.001), resulting in most
of the overall difference between Input-Metaphor. Additionally,
VHI induced less Rotational Offset than GPI (p = 0.004), GPS
(p = 0.023), and HRS (p = 0.002).

For the Combined task, we found significant effects in Input-
Metaphor (F2,625 = 38.49, p < 0.001), DOF-Separation (F1,625 =
41.87, p< 0.001), and Input-Metaphor x DOF-Separation (F2,625 =
21.88, p < 0.001). Post hoc comparisons revealed that Hand Ray



(a) Input-Metaphor. (b) Rotation Task. (c) Input-Metaphor. (d) Rotation Task. (e) Combined Task.

Figure 8: Trial Completion Time (a-b): time taken to complete trials. Acquisition Time (c-e): time taken to acquire the object. Both measures
rises with rotational complexity.

Figure 9: NASA-TLX ratings. HRI was perceived as more effort-inducing, frustrating, and less performant than the other techniques.

induced more Rotational Offset than both Virtual Hand (p = 0.001)
and Gaze&Pinch (p < 0.001), while Virtual Hand induced less Ro-
tational Offset than Gaze&Pinch (p = 0.021). Furthermore, inter-
action effect analyses revealed that HRI induced more Rotational
Offset than all other combinations of Input-Metaphor and DOF-
Separation (all p < 0.001), resulting in all of the overall differences
in Input-Metaphor.

4.3 Trial Completion Time (Figure 8a-b)
For the Translation task, we found significant effects in Input-
Metaphor (F2,85 = 19.42, p < 0.001) and DOF-Separation (F1,85 =
10.29, p= 0.002). Post hoc comparisons revealed that Virtual Hand
was faster than both Hand Ray (p < 0.001) and Gaze&Pinch (p <
0.001). For the Rotation task, we found significant results for Input-
Metaphor (F2,85 = 12.73, p < 0.001) and Input-Metaphor x DOF-
Separation (F2,85 = 11.39, p < 0.001). It showed that Hand Ray
was slower than both Virtual Hand (p < 0.001) and Gaze&Pinch
(p = 0.001). Furthermore, post hoc comparisons revealed that
HRI was significantly slower than all other combinations (all p ≤
0.038), while VHI was faster than both HRS (p = 0.004) and GPS
(p = 0.014), showing that the major overall differences in Input-
Metaphor stems from differences in DOF-Separation between the
Integrated techniques (HRI , VHI , and GPI). For the Combined
task, we found significant effects in Input-Metaphor (F2,625 =
31.3, p < 0.001) and DOF-Separation (F1,625 = 21.01, p < 0.001).
Post hoc comparisons show that Gaze&Pinch was slower than both
Hand Ray (p < 0.001) and Virtual Hand (p < 0.001).

4.4 Acquisition Time (Figure 8c-e)

For the Translation task, analysis of Input-Metaphor (F2,85 =
21.83, p < 0.001) revealed that acquisition was faster with Vir-
tual Hand than both Hand Ray (p < 0.001) and Gaze&Pinch
(p < 0.001). For the Rotation task, we found significant effects
in Input-Metaphor (F2,85 = 48.61, p < 0.001), DOF-Separation
(F1,85 = 27.77, p < 0.001), and Input-Metaphor x DOF-Separation
(F2,85 = 21.66, p < 0.001). Acquisition was slower with Hand Ray
than both Virtual Hand (p < 0.001) and Gaze&Pinch (p < 0.001),
and Virtual Hand was slower than Gaze&Pinch (p = 0.038) As
well, HRI was slower than all other techniques (all p < 0.001).
We also found that HRS was similarly significantly slower than
both GPI (p = 0.012) and GPS (p = 0.004), resulting in most
of the overall difference in Input-Metaphor. For the Combined
task, Input-Metaphor (F2,625 = 28,36, p < 0.001), DOF-Separation
(F1,625 = 33.14, p< 0.001), and Input-Metaphor x DOF-Separation
(F2,625 = 4.7, p = 0.009) were significant. We find that acquisi-
tion was faster with Virtual Hand than both Hand Ray (p < 0.001)
and Gaze&Pinch (p < 0.001). In particular, HRI was slower
than all Separated combinations (i.e. HRS, VHS, and GPS) (all
p ≤ 0.003), while GPI was slower than both HRS (p = 0.036) and
VHS (p < 0.001). Virtual Hand was faster than the other integrated
Input-Metaphors (all p ≤ 0.012).



Figure 10: User preference rating for different techniques. Hand
Ray was rated as the least favourite, especially so for the integrated
variant HRI . No significant differences was found for preferences
between Gaze&Pinch and Virtual Hand.

4.5 NASA-TLX (Figure 9)
Significant differences were indicated in Mental Demand (H(5) =
14.69, p = 0.012), Performance (H(5) = 40.36, p < 0.001), Effort
(H(5) = 25.55, p < 0.001), and Frustration (H(5) = 37.52, p <
0.001). Participants perceived HRI as more mentally demanding
than VHI (p = 0.004). HRI was rated as least performant (all
p ≤ 0.007) and more frustrating (all p ≤ 0.017) to use than all other
conditions, and rated more effortful than all other combinations ex-
cept for HRS (all p ≤ 0.01).

4.6 User Feedback (Figure 10)
The preferences results for techniques (H(5) = 57.26, p < 0.001)
showed that Hand Ray is least preferred, but without significant
differences in scores between Gaze&Pinch and Virtual Hand vari-
ations. User feedback reveals common themes across the tech-
niques. For Virtual Hand, seven participants noted that it felt nat-
ural (or similar descriptions), but three (VHI) and five (VHS) par-
ticipants noted rotation difficulties, while four participants reported
arm fatigue across both variants. This aligns with prior results on
added physical effort in direct input in contrast to indirect meth-
ods [47, 48, 26]. For Hand Ray, six participants mentioned that
HRI felt difficult for rotation, with HRS being comfortable for this
purpose. Yet, with HRS, four participants stated that translation is
poor, and five reported that it does not feel natural to use it. With
Gaze&Pinch, six participants noted the ease to understand and con-
trol with GPI , and four stated comfortable use with GPS. Three
participants noted wrist fatigue with GPI , while GPS was reported
to feel harder for positioning by six.

4.7 Observations
In general, Virtual Hand techniques imposed more movement of
the upper body, motivating participants to lean forwards and extend
their reach for solving translation and combined tasks comfortably,
which was especially noticeable for participants with shorter reach.
Remarkably, the HRI technique motivated participants to initiate
manipulation from eccentric positions.With HRI , unusual configu-
ration of the upper limb and shifting of the torso was observed for
12 participants, for acquiring the object from either side or top sur-
faces. All other techniques allowed participants to remain reclined,
while Gaze&Pinch Techniques allowed the participants’ arm to re-
main on the arm rest.

HRS motivated participants to engage their shoulders and arm
for solving the pointing-for-acquisition subtask. Both Hand Ray

techniques seemed to enforce fatiguing arm positions and distract
the user from the task. Participants tended to acquire the object with
a neutral wrist (in default hand orientation), limiting subsequent
rotation. Some participants seemed to struggle relatively more with
acquisition using Hand Ray compared to the other techniques.

Most participants (16) knew intuitively, or discovered through
training, the importance of pre-shaping their arm and hand. Ev-
ery participant mentioned the acquisition strategy related to the
task they were solving—11 explicitly referring to the preparatory
movement of the hand. Those who invested more time in plan-
ning and coordinating their movements prior to acquisition gener-
ally achieved greater accuracy and minimized eccentric motions.
Furthermore, manipulations executed after establishing an antici-
patory hand and wrist configuration typically addressed translation
and rotation in parallel. Acquisition with a neutral wrist more often
led to participants addressing the translation sub-task before rota-
tion. All participants engaged in more careful acquisition during the
Combined task, especially when the rotation became more complex
(e.g. larger angular offset or rotation along 2 axis).

Participants would adapt their strategy to each of the tasks, with
a few exceptions. For planning the acquisition, participants tend
to spend time looking at the target. Seven participants exhibited
difficulty in selecting targets using Gaze&Pinch techniques, often
looking ahead to the target before acquiring the object (Late-Trigger
issue [22]). This issue was particularly evident for complex trials.
Pinch-detection was observed as a major cause of inaccuracy and
frustration. Participants with shorter arms experienced this often.

5 DISCUSSION

Through the user study, we aim to understand the impact of DOF-
Separation when applied to different input techniques for 3D ma-
nipulation of virtual objects in XR. In this section, we focus on
synthesising results on interaction effects observed from the study
to understand how DOF-Separation yielded better or worse speed
and accuracy performance with each Input-Metaphor.

5.1 Hand Ray and DOF-Separation
From nearly all performance measures, we can easily observe the
significant worse performance yielded by HRI . Because of the use
of the “stick” metaphor that tightly couples the change in hand
orientation post-acquisition to the displacement of the object, the
user’s capability of manipulating the object is significantly lim-
ited. For instance, while it is nearly impossible to rotate an object
90°around the Y axis in-place using HRI without walking around
the object, this task can be easily achievable using HRS while ben-
efiting from the capability of using wrist flexion to only induce lo-
cal rotation of the object. This separated mapping of the 6DOF
hand movement to the translation and rotation of the object post-
acquisition frees the hand from the pointing task, while enabling
more flexibility in manipulation. Despite being featured in the Meta
XR SDK as the default distant interaction paradigm for the Quest
devices [33], HRI is significantly limited in usability comparing
with the HRS approach adopted by earlier devices, including the
HoloLens series [8]. The difference between HRI and HRS clearly
illustrate the effect of DOF-Separation on 3D input techniques for
combined acquisition and manipulation.

5.2 Virtual Hand and DOF-Separation
In most performance measures, Virtual Hand outperformed the
other methods, indicating the benefit of the intuitiveness of using a
natural metaphor that mimics real-world physics. While Hand Ray
yielded significantly worse performance in most measures due to
the Integrated version, we focus on the comparison between Virtual
Hand and Gaze&Pinch to reveal deeper insights into the effect of
DOF-Separation, thanks to the benefit of Gaze&Pinch that decou-
ples the hand completely from the acquisition task prior to manip-



ulation. While Virtual Hand require the hand’s position to overlap
with that of the object, comparing these two metaphors can tell us
more about DOF-Separation in light of extreme differences in the
requirement for the hand.

The results of Positional Offset shows that while GPI yielded
worse measures than both Virtual Hand versions in the Trans-
lation task, VHS yielded better measures than both versions of
Gaze&Pinch in the Combined translation and rotation task. These
results suggest that Virtual Hand techniques may be better for the
translation component of manipulation tasks due to the consis-
tent visual and proprioceptive feedback of the hand coupled with
the object comparing with Gaze&Pinch. Moreover, we posit that
VHS yielded significantly better performance in Positional Offset
in Combined tasks, which are theoretically more difficult, because
the DOF-Separation allowed the hand to more freely prepare for the
manipulation task during acquisition using wrist flexion. This ben-
efit is observed only in Combined tasks that feature more extreme
rotation angles because the extra freedom at the wrist afforded by
DOF-Separation is only needed in these scenarios, whereas it may
not be easily reflected in easier tasks.

Notably, VHS is also significantly faster than both Gaze&Pinch
techniques for acquisition in Combined tasks. This indicates that
participants may have needed less time for preparatory hand pos-
ture before acquisition, thanks to the freedom in hand orienta-
tion afforded by DOF-Separation in comparison to VHI , which
may demand them to configure the hand in more extreme posi-
tions to prepare for the same manipulation task. We also observe
that for Rotational Offset, VHI yielded better measures than both
Gaze&Pinch techniques in Translation and Rotation tasks, respec-
tively. However, this effect is absent in Combined tasks, and for
which VHI yielded observably worse (though non-significant) per-
formance than VHS. This may suggest that the increased difficulty
in the manipulation task favours DOF-Separation more while di-
minishing the benefit of Virtual Hand techniques, especially VHI ,
due to the close coupling of hand orientation and object displace-
ment.

Overall, the results suggest that though VHI has an Input-
Metaphor that is closer to real-world physics with a direct mapping
between the 6DOF hand movement to that of the object in pinch-
manipulation, DOF-Separation still benefits performance for more
complex manipulation tasks that involve more extreme rotation an-
gles. Based on these results, we suggest that it is plausible to feature
DOF-Separated versions of Virtual Hand techniques for XR appli-
cations that involve frequent performances of difficult manipulation
tasks, such as 3D design and modelling.

5.3 Gaze&Pinch and DOF-Separation

While the results suggest that Virtual Hand may have benefitted
from DOF-Separation in more difficult manipulation tasks, this ef-
fect was not as pronounced with Gaze&Pinch techniques. While
we did not find consistent patterns of difference between GPI and
GPS, the performance of Gaze&Pinch is mostly worse than but still
comparable with that of Virtual Hand techniques. Though Virtual
Hand techniques benefit from the realistic physics metaphor and the
visibility of the hand coupled with the object for guiding manipu-
lation, Gaze&Pinch enable usable performance of acquisition and
manipulation in distant space that is inaccessible with Virtual Hand.
Further, Gaze&Pinch is the technique that has the least requirement
for the hand for acquisition as the pinch can be performed from any-
where while the pointing task is delegated to gaze input. We posit
that this may be a main reason why the effect of DOF-Separation
is limited on Gaze&Pinch as users would be able to freely prepare
their hands for acquisition to anticipate the manipulation tasks with
or without DOF-Separation in the mapping of hand movement.

5.4 Limitations & Future Work

This study used hand-tracking provided by Quest Pro to represent
the state of the art. However, pinch detection errors led to cases
of premature trial endings. More robust hand tracking that may
become available in the future could help increase the validity of
the obtained results. We measured task completion time to reflect
users’ capability of performing acquisition and manipulation using
the described techniques. However, we observed that in some cases
when the tasks were too difficult, participants tended to quickly
drag and release the objects to move on to the next trial while giving
up on accuracy, typically with HRI . Future research could explore
alternative study designs that allow clutching of the hand to under-
stand if the potential benefits of different techniques can be directly
reflected by task completion time. Lastly, we experimented with
DOF-Separation on the hand and forearm following existing prac-
tice, whereas the anatomy of human hands may offer more options
to separate movement control to other joints that could be explored.

6 CONCLUSION

In this work, we presented a study that contributes novel un-
derstandings of single-hand pinch-manipulation of virtual objects
by investigating the interplay between Input-Metaphor and DOF-
Separation of the 6DOF hand movement into 3DOF controls
of translation and rotation. We implemented DOF-integrated
and DOF-separated versions of Virtual Hand, Hand Ray, and
Gaze&Pinch techniques, and compared them in a VR docking task
with varying complexity levels. Our results suggests that DOF-
Separation significantly benefits Hand Ray in all tasks by free-
ing the hand orientation from controlling translation of the object
while only mapping it to the 3DOF rotation control. For Virtual
Hand, similar performance benefits are found in more complex
tasks where the extra freedom of hand orientation is helpful, but not
for all tasks. Gaze&Pinch is less affected by DOF-Separation due
to its relaxed requirement for the hand at acquisition, either regard-
ing its position or orientation. Our results offer insights into the
interplay between the DOF-Separation of 6DOF hand movement
and the popular 3D input techniques in XR that have different re-
quirement of the hand’s position and orientation at acquisition that
affect the subsequent manipulation task. Based on our findings, we
recommend DOF-Separation for Hand Ray and for Virtual Hand in
use cases where frequent complex manipulation tasks are expected,
such as in 3D designing applications.
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