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Abstract

Virtual hand clicking is a common interaction task within the peripersonal space of virtual
environments (VEs). Based on the hand—eye coordination mechanism, this study adopts
click offset, reaction time, movement time, consumed endurance, and subjective evalua-
tion scales as indicators to investigate the spatial morphology of virtual hand clicking in-
terfaces. Experiment 1 analyzed the impacts of spatial depth, upper limb length, and spa-
tial region on interaction performance to define 3D interface geometry. Experiment 2 fur-
ther explored the 3D interface’s spatial reference center and depth based on upper limb
length proportions. Integrated experimental results reveal that the relatively favorable 3D
interface for static single-handed clicking tasks adopts a field-curved spherical layout,
with its spatial reference center positioned at the midpoint of the user’s right shoulder.
The recommended interaction depth ranges from 0.618 to 0.764 times the user’s upper
limb length (or a fixed value of 400 mm for general designs).

Keywords: virtual hand; hand-eye coordination; virtual environments; interface design;
ergonomics

1. Introduction

Virtual environments (VEs), including virtual reality, augmented reality, and mixed
reality, provide users with an immersive interactive experience [1,2], similar to operations
in the real world. With the appearance of wearable, consumer-oriented head-mounted
display (HMD) technology, virtual reality is widely used in social, entertainment, educa-
tion, and healthcare applications [3].

In VEs, users can interact with computers using various natural interactive methods
[4], such as somatosensory interaction, gesture interaction, voice interaction, etc. Human-
computer interaction in VEs captures human behavior information through computer vi-
sion technology and voice interaction technology, including speech and hand or body
movements, which are used as interactive input signals, while the output is displayed in
the three-dimensional (3D) space around the user, providing the user with a broader vi-
sion [5,6]. This natural interaction mode is closer to the mode of people’s interaction in
the real world. People have learned many skills to manipulate 3D objects and move in 3D
space in their daily life, and can understand 3D spatial relationships [7]. The input—output
characteristics of VEs can give full play to these inherent human skills and make the vir-
tual reality human—computer interaction more natural and easier to understand.
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Interactive output devices in VEs mainly include visual display devices, auditory
output devices, and force/tactile output devices. In VEs, continuous input can be realized
through the handle of the built-in sensor, camera depth, gesture sensor, 3D camera, etc.
[8]. Common interaction techniques include virtual hand, Go-Go, and ray-casting [9,10].
Among them, virtual hand interaction technology is often used for close-distance interac-
tions. Virtual hand interaction technology constructs the virtual avatar of the user’s hand
in VE, and the user’s hand controls the position/direction of the virtual hand through the
tracker to realize the interaction with the virtual object. The Go-Go and ray-casting inter-
action is a spatial mapping interaction outside the accessible domain.

As anatural interaction mode consistent with human primitive communication char-
acteristics, virtual hand interaction technology does not cause interference in the auditory
channel [11]. In the peripersonal space, the virtual hand directly pointing to click is a com-
monly used interaction method in virtual reality, which is easy to understand and operate.
It can realize the unification of the display and controller. The study shows that the hu-
man—computer interaction performance is reduced by the separation of motion space and
visual space during the interaction process, and when the visual space and motion space
of virtual hand interaction are closely superimposed or coupled, the human-computer
interaction performance reaches the best result [12-15]. Therefore, the direct contact inter-
action represented by the virtual hand interaction is better than the cross-interoperability
[16,17] outside the accessible domain in movement time and click accuracy aspects [16].
Despite these proven advantages, current research still exhibits obvious limitations: most
existing studies merely conduct cross-paradigm performance comparisons, one-dimen-
sional visual optimization, or qualitative spatial analysis of VR interfaces. Moreover, pre-
vailing interface design guidelines adopt unified fixed parameters and ignore individual
anthropometric differences among users, lacking systematic empirical investigations into
relatively favorable spatial depth settings, reference center positions, and morphological
boundaries for near-field virtual hand clicking interfaces. Virtual hand interaction in VEs
provides 3D operational freedom, which increases the complexity of user tasks and ex-
pands the design space for interactive interfaces. To improve the availability of the virtual
hand interaction, especially on the contact clicking task, we should also consider the de-
sign of the virtual hand interaction interface [18]. The spatial form of the 3D interface is
the bearing framework of the virtual hand interaction interface design. The spatial form
of the 3D interface has an influence on the interactive efficiency and subjective comfort of
3D interaction among users in VEs.

The interface morphology design in VEs should not only consider the characteristics
of virtual hand technology but also pay attention to the rules of hand movement and eye
perception. In VEs, the visual field combines the monocular vision of the two eyes with
the complete visual field, presenting a symmetrical view. However, there are handedness
effects in people’s daily behavioral activities, and users exhibit dominant-hand differ-
ences. User movements are constrained by upper-limb kinematic chains, and there is a
comfortable interactive space belt. People with different upper extremities differ in inter-
active range and comfortable distance. Therefore, different from the layout design of a
two-dimensional interface, the design of a three-dimensional interface should not only
consider the visual performance but also the motor performance.

Object selection is one of the basic tasks in the 3D user interface [19] and the most
common initial task for user interaction in VEs. Operational tasks typically depend on
selection tasks. Finger clicking is the most common object selection interaction mode in
the peripersonal space, which has the advantages of natural intuition and low physical
requirements in the interaction process [20]. Therefore, this study selects index-finger
clicking within head-mounted virtual reality displays as its research focus. Research on
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the basis of virtual hand clicking performance investigates the influencing factors of vir-
tual hand clicking interaction performance, determines the interface spatial form design
parameters, and provides a reference for the design of three-dimensional interface spatial
forms.

Targeting the aforementioned research gaps, this study proposes distinct methodo-
logical and conceptual innovations compared with previous VR interaction research.
Methodologically, different from traditional single-index evaluation and fixed-parameter
verification schemes, this study constructs a multi-dimensional evaluation system inte-
grating objective kinematic performance and subjective comfort and fatigue perception,
and adopts Latin square randomization and multi-stage fatigue/learning effect control
paradigms to ensure the robustness of experimental data. Conceptually, this study breaks
through the single visual-oriented interface design perspective of previous studies, takes
hand-eye coordination and upper limb kinematic characteristics as the core theoretical
basis, systematically explores the spatial morphological distribution rules of virtual hand
clicking interfaces, and innovatively proposes dual design strategies of universal fixed
spatial depth and individualized upper-limb proportional depth. This work supplements
the human-centered spatial morphology design theory for 3D virtual hand interfaces and
provides quantifiable and adaptable design references for practical VR interface layout
optimization.

2. Related Works
2.1. Hand—Eye Features of the Virtual Hand Clicking Interaction in VEs

VEs deliver highly immersive visual experiences, enabling users to perform virtual
hand clicking operations via digital avatars. The virtual hand interaction of users in VEs
is very close to its interaction in the real world. The display and control of virtual hand
interaction are spatially coupled, which is not only influenced by the visual characteristics
of human beings in HMDs but also by the movement characteristics of human arms.

Human visual features in VEs contain features of the visual field surface and depth
features. The large vision provided by VE equipment can better simulate the natural vis-
ual field [21] and can provide a better sense of immersion, presence, enjoyment, and em-
bodied cognition [22]. In the virtual environment, human binocular vision fuses two mo-
nocular views into a single symmetric visual field. Studies on human attention bias sug-
gest that people tend to show faster responses to the left target [23].

In VEs, the user can judge the relative distance of the object from themself by using
depth cues, including image cues, eye movement cues, binocular cues [24], and motion-
related cues [25]. Binocular disparity can be provided as a depth cue in HMDs, while the
convergence and deregulation of the eyeball are more likely to cause gaze movement fa-
tigue in HMDs [26,27].

The characteristics of arm stretching movements in VEs have received extensive at-
tention [28-30]. The results show that the kinematics of arm-directed movements in both
real and virtual environments are similar [31]. The joint range of motion and the arm
movement chain restrict the range of user interaction, and the activity area of the human
hand is mostly controlled in a comfortable and convenient range. From a biomechanical
perspective, more distant interactions would require more muscle strength, so the most
comfortable interaction is with the arm close to the body [32,33]. It is also noted that target
selection is more efficient and precise when the hand is lower in VEs [32,34]. In VEs, target
selection performed better [32], which is consistent with the dominant hand in life. Thus,
the hand interaction exhibits spatial skewness. In addition, users vary in their maximum
comfortable arm reach.
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In general, the visual field of human eyes has spatial symmetry, and arm movement
has spatial skewness. The spatial morphology design of the 3D interface in VEs needs to
consider the movement characteristics of the hand and eye simultaneously.

2.2. Spatial Form of Virtual Hand Clicking Interaction in VEs

The hand—-eye movement features of virtual hand interaction in VEs jointly affect the
efficiency of virtual hand clicking interaction. Binocular visual field space and hand move-
ments form the interactive basis and constraints of VEs. Combined with previous studies
and considering the characteristics of hand-eye coordination, the design parameters of
the spatial form of the virtual hand clicking interactive interface in VEs include (1) spatial
shape, (2) spatial depth, and (3) spatial layout reference center (Figure 1).

(2) Space Depth

Eye center

Chest center

Center of right shoulder

(3) Spatial Layout Reference Center

Figure 1. Design parameters of 3D interface spatial morphology.

The 3D interface geometry in VEs is divided according to the geometry, which can
be divided into plane, cylindrical, spherical, and other shapes. At present, the most widely
used in VEs is plane or cylindrical. The qualitative analysis shows that in the three main-
stream categories of plane, cylindrical, and spherical, spherical interface geometries, es-
pecially hemispherical layouts, are preferred by participants [35,36].

Spatial depth, namely, the distance of the interacting object in the virtual space rela-
tive to the user. According to the hand movement constraint, the longest distance used for
the virtual hand interaction is 1 m [37]. Additionally, Hoffman [27] presented one base
viewing distance (39 cm or 2.5 D). The performance study of the interaction spatial depth
in VEs included two settings: the fixed spatial depth and the user’s upper limb length
proportion [38]. Previous studies showed that the comfort distance of the clicking task in
the virtual environment is between 0.618 and 0.854 in the proportion of upper limb length
[33,39].

The spatial layout reference center describes the spatial alignment location of the in-
teraction interface, including the user center reference frame and the world fixed reference
frame. To determine the placement of the interaction interface, the research literature uses
the spatial layout reference center as a study factor. Currently, a spatial interface centered
on the user’s head is widely used, but its interaction process often requires the movement
of the entire arm movement chain and thus rapidly produces fatigue over time [39].
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The reference center of the spatial layout can also be expressed as the interface focus
in the study of curved surface interfaces. We show that the interaction error is significantly
reduced when the interface focus is shifted from the center to the right shoulder, while
the interaction time does not change significantly [38]. However, the right shoulder focus
interface also causes some windows on the left to be too close to interact with. The com-
prehensive comparison between the hand-adaptive user interface and the traditional eye-
centered user interface shows that the hand-adaptive user interface has higher interaction
efficiency and lower physical consumption and perceived task difficulty [32]. Therefore,
the spatial layout of the interface with the eye as the reference center is not necessarily the
suitable solution. The preferred reference center of the spatial interface has not reached a
consensus, and the location of the reference center still needs to be explored.

2.3. Performance Evaluation of Virtual Hand Clicking Interactions in VEs

Virtual hand clicking interaction is natural and easy to learn. Users can use the expe-
rience in the real world to interact with the computer naturally in VEs. However, studies
have shown that during virtual reality interaction, the lack of arm support, repeated and
continuous arm movements, or prolonged static posture can lead to severe shoulder dis-
comfort, fatigue, and arm heaviness [40], and static muscle load can also lead to a decrease
in click accuracy [41]. The virtual hand clicking interaction interface carries the display
and control function, and the clicking performance can be comprehensively evaluated
from the aspects of interaction performance, interaction subjective evaluation, and inter-
action fatigue.

Index of interaction performance, mainly including interaction task speed and inter-
action task accuracy [42]. The interaction task speed can be divided into reaction time and
movement time in the information processing timing. In the virtual hand clicking interac-
tion, the former is mainly related to eye visual features, while the latter is related to hand
motor features. However, the moderate selection accuracy of the virtual hand clicking
task, usually measured by the click offset, is the result of hand-eye cooperative movement.
Users’ subjective feelings of interaction are a comprehensive evaluation of interaction,
which can be quantified by ease of use and comfort dimensions. Ease of use is related to
the complexity of the cognitive load of the technology, comfort, and the subjective per-
ception of interactive fatigue from the user’s perspective.

Considering the interaction characteristics between user comfort and the virtual en-
vironment, the arm fatigue effect is also one of the indicators to investigate an excellent
interaction interface. The methods of assessing arm fatigue are divided into subjective
evaluation and objective indicators. Subjective evaluation qualitatively evaluates fatigue
through the subjective questionnaire. Common scales include the Borg-RPE and CR10
scales. The subjective evaluation method is suitable for macro evaluation of fatigue accu-
mulation over a period of time, insensitive to small differences, and easily confused with
the health, comfort, and mental state of the subjects. Objective indicators quantitatively
measure fatigue through external measurements, including heart rate, oxygen content,
EMG, electromyography, muscle swelling, muscle oxygenation, blood flow, and blood
pressure, and even intra-arterial lactate and potassium levels. Objective indicator methods
require the wearing of specialized equipment (e.g., EMG, NIR equipment, dynamometer,
or exoskeleton), which can disrupt the task and limit the interactive performance of users
in the air interaction system, so they have limited practical value in assessing aerial inter-
actions. Hincapié-Ramos [40], based on the biomechanical structure of the upper arm, de-
fined the consumed endurance (CE) as the time (%) of the arm movement and the calcu-
lated endurance time (E) to maintain the state. The CE index adopts noncontact measure-
ment by camera depth, which has no interference with the subjects and can be used to
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simulate objective fatigue measurement. Higher consumption endurance values indicate
higher arm fatigue.

In this study, reaction time, movement time, click offset, endurance of arm consump-
tion, and subjective evaluation scale included ease of use and comfort.

According to the analysis of the hand—eye features, spatial morphology, and perfor-
mance evaluation of virtual hand clicking interaction in VEs, there have been some qual-
itative references for the spatial morphology of a three-dimensional interface combined
by hand and eye. On the basis of the existing research, this paper considered the spatial
symmetry of the eye, the skewness of the hand, and the multidimensional evaluation in-
dex to determine the spatial morphology of the three-dimensional interface suitable for
the virtual hand clicking interaction.

3. Methods

Drawing on the eye-hand coordination principle, we measured click offset, reaction
time, movement time, CE, and subjective ratings to evaluate the spatial morphology of
virtual hand clicking interfaces. Experiment 1 established the relationship between each
performance index and the target spatial distribution through the clicking operation in
different regions and depth space in the field of view, and explored the possible 3D spatial
morphology of virtual hand clicking interaction. In Experiment 2, the spatial morphology
of different virtual hand clicking interactive interfaces was used to determine the spatial
morphology parameters of virtual hand clicking interaction performance and a comfort-
able virtual environment.

3.1. Experiment 1

To explore the spatial morphology of virtual hand clicking interaction, it is necessary
to study the changes in each performance index with the spatial distribution to speculate
on the possible spatial morphology. Experiment 1 is a virtual hand clicking experiment in
virtual reality, setting the click target with different location distributions in the accessible
domain space to test the human clicking performance. The data of click offset, reaction
time, movement time, and subjective comfort distance under each spatial distribution
were collected, and the influence and trend of spatial depth or upper limb length and
spatial area on the interactive performance of virtual hand clicking were analyzed, serving
as the experimental basis for the design parameters of the 3D interface.

3.1.1. Experimental Design

In combination with the display ability of HMD equipment, the hand and eye phys-
iology of humans and pretest results [43], the click target is eliminated within the range
of 90° (since the VR glasses are equipped with sponge support, the actual FOV is slightly
less than the maximum FOV of the device) to 110°, and the vertical view appears in the
range of —35° to 25°, and the depth value is within 350-600 mm.

The target position presented in the experiment has the following three independent
variables: horizontal field of vision: -40°, -30°, -20°, -10°, 0°, 10°, 20°, 30°, 40°, and 9 spatial
horizontal points; vertical field: -30°, —20°, —10°, 0°, 10°, 20°, 6 spatial vertical points; and
spatial depth: 350 mm, 400 mm, 450 mm, 500 mm, 550 mm, 600 mm. As shown in Figure
2, the click positions at the left and right corners of the visual field surface are further
divided into 9 target distribution areas after the 52 visual field spatial positions are re-
moved due to operational difficulties.

To ensure that the target of the same size is seen in each test, the size of the target in
the experiment is presented from the point of view, and its diameter is 5°, which is much
larger than the minimum size required for clicking interaction [41], which can ensure each
quick, successful click.
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The click offset of the target, reaction time of the subject to start the movement, move-
ment time of the arm to the target, and subjective evaluation data were collected. The
experimental data analysis is based on 6 spatial depths and 9 spatial regions.
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Figure 2. Design of experimental variables across nine spatial regions at six spatial depths.

To avoid interference from the length of the upper limb factor on the clicking inter-
action performance at different spatial depths, a pilot study was performed before the
formal experiment. In the pilot study, the participants were divided into four groups ac-
cording to their upper limb length, namely, (1) less than 650 mm, (2) 650-700 mm, (3) 700-
750 mm, and (4) more than 750 mm. The length of the upper limb is the distance between
the shoulder joint and the index finger when the upper limb naturally droops. Two sub-
jects were selected for each group to measure the clicking performance of subjects at 6
spatial depths and 52 positional points, with the same experimental flow as the formal
experiment. The pilot study upper limb length factor and clicking performance data of
each depth, reaction time (F(3,2417) = 35.980,p < 0.001,nf, = 0.042), movement time
(F(3,2417) = 60.604,p < 0.001,n2 = 0.070), and click offset (F(3,2417) = 18.170,p <
0.001,nj = 0.022) had significant interactions. Therefore, in the formal experiment, the
upper limb length was used as the control variable, and volunteers from the 650-750 mm
upper limb length group were selected to participate in the formal experiment.

3.1.2. Participants and Equipment

A total of 16 right-handed volunteers (right-hand dominance), including 5 males and
11 females, were recruited for this experiment. The participants ranged in age from 21 to
26 years, with a mean age of 23.60 years (SD = 1.28). Their upper limb lengths varied be-
tween 650 mm and 750 mm, yielding an average upper limb length of 702.1 mm (SD =
2.07). All participants possessed normal or corrected-to-normal visual acuity and were
free of any upper limb motor impairments. The sample size of 16 was determined with
reference to prior human—computer interaction ergonomics research, which provides ad-
equate statistical power for repeated-measures ANOVA to detect main and interactive
effects of spatial variables.

Verbal informed consent was obtained from all participants prior to the experiment
(see Supplementary Materials File S1). Prior to participation, every volunteer was fully
informed of the experimental procedures, minor risks of arm fatigue, data confidentiality
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policies, and their unconditional right to withdraw from the study at any time without
penalty.

The experiment was performed on a workstation computer (Windows 10, 16 GB
memory, 4.2 GHz Intel 64-core processor) as a virtual reality host and a 28-inch display
on a 0.8 m-high desk. We used an HTC Vive Pro HMD with a binocular resolution of 2880
x 1600 pixels and a 90 Hz refresh rate. The subjects wore the VR headset display for the
experimental operation, and the main test monitored the experimental process through
the desktop display. A Leap Motion controller was mounted on the VR headset to track
hand and finger poses throughout the frontal interaction zone.

3.1.3. Experimental Process

The formal experiment of each subject included 312 trials, which were divided into 6
experimental modules at different depths, and the trials in each module were balanced on
a Latin square basis. Between the two modules, an adequate forced rest was set up. The
purpose of the above operation was to ensure that each participant was not affected by
cumulative arm fatigue later in the experiment. The total duration for each participant
lasted approximately 30 min. Before the start of the formal experiment, the participants
were introduced to the purpose and task requirements of the experiment and signed the
informed consent form. First, the participants were required to click a 3D button in the
debugging space at a distance that was comfortable for both observation and clicking.
During the process, the participant could try repeatedly, and we recorded the distance
between the button and their head. This session was used to record the subjective comfort
interaction distance of participants with different upper limb lengths. Participants were
then asked to perform the same magnitude of exercise, observing that they achieved stable
interaction performance.

In the experiment, the participants were in a sitting position, and the head was kept
fixed. To ensure the consistency of the head position and hand position for each test, in an
independent test of the formal experiment, a gray cursor in a fixed position was presented
in the 3D scene realized by the Unity3D engine (Version: Unity 2021 LTS). The participants
needed to move the angle of their head, with their hand on the seat armrest, to put the
gray cursor in front of them. When the two conditions of the head returned, and the de-
tection range without a virtual hand is met simultaneously, the blue round button will
appear randomly in 312 different positions in the space, the gray cursor will disappear,
and each position only appears once. The participant is required to quickly click the blue
button, and the blue button disappears if the click is successful. The next test is entered 2
s apart. The experimental process is shown in Figure 3.

At the end of the experiment, a volunteer was invited to participate in the testing of
633 spatial positions in the horizontal and vertical visual fields. Participants were required
to maintain an arm-pointing position in the specified spatial position for 10 s, and the arm
position of each spatial position was recorded multiple times, requiring participants to
keep the arm position as consistent as possible. The recording was repeated four times in
the same spatial position and averaged after excluding outliers by three standard devia-
tions.
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3.1.4. Results

The experiment counted the click offset, reaction time, and movement time. The click
offset is defined as the distance between the actual click point and the center of each ap-
pearing target position, and the variance of its offset describes the click accuracy of the
virtual hand click on each spatial position. Offsets were measured in perspective (°) to
exclude distance offset differences due to depth problems. The reaction time refers to the
time when the eye searches to confirm the target, calculated as the time difference between
the moment of the target and the moment when the participant starts the arm movement,
measured in seconds (s). Movement time refers to the time difference between the start of
the movement moment of the arm and the clicking of the blue target button moment when
completing a clicking action, measured in seconds (s). The data analysis results are pre-
sented as follows:

In experimental data processing, the outliers of the samples were first eliminated us-
ing the three standard deviation method to exclude individual outcome bias due to the
device response delay. The intersubject effect test showed that spatial depth had a signif-
icant effect on the click offset (F(5,4893) = 712.460,p < 0.001,nj = 0.421), reaction time
( F(5,4893) = 407.099,p < 0.001,nf, =0.294 ) and movement time ( F(5,4893) =
39.063,p < 0.001,13 = 0.039). Among them, click offset is most affected by spatial depth,
followed by movement time and reaction time.

As shown in Figure 4a, the click offset has obvious advantages at spatial depths of
350 mm, 400 mm, and 450 mm. The click offset reached its minimum at 400 mm, indicating
relatively superior clicking accuracy under this fixed depth condition. when the spatial
depth is 400 mm. Considering the coherence of the interaction action, it can be seen from
the distribution of clicking time (reaction time + movement time) that the interaction time
between 350 mm and 400 mm spatial depth range is significantly better than other spatial
depths, among which the spatial depth of 400 mm is comparatively favorable, as shown
in Figure 4b.
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Figure 4. Bar charts of click offset, movement time, and reaction time at 6 spatial depths (350-600

mm).

Before the formal experiment began, participants were asked to adjust their subjec-
tive comfortable interaction distance. The experimental results found that the subjective
comfort interaction distance of the participants was 417.17 + 26.17 mm, concentrated in
the depth range of 350-450 mm, and showed a positive correlation with the length of the
upper limb (r2 = 0.642).

The experimental results analyze the relationship between the performance indica-
tors and the nine target clicking space regions. The intersubject effect test showed that the
spatial area had a significant effect on the movement time (F(8,4893) = 24.852,p <
0.001,13 = 0.040). At the same time, the intersection of the spatial area and the spatial
depth of the target distribution had a significant effect on the movement time
(F(40,4893) = 4.521,p < 0.001,n3 = 0.036). Therefore, the movement time of the mean
distribution of spatial regions at different spatial depths is shown in Figure 5. As shown
in Figure 5, the dominant region with the lower movement time shifts downwards from
the starting center to the right as the depth increases. Furthermore, the distribution map
of 52 spatial position points with less movement time is in the x-z and y-z dimensions (x-
axis is the horizontal visual field direction, y-axis is the vertical visual field direction, and
z-axis is the spatial depth direction) (Figure 6), in which the darker the color of the coor-
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Figure 5. Mean movement time (s) for targets distributed across nine spatial regions at varying spa-
tial depths.
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The consumption of endurance describes the degree of arm fatigue caused by aerial
interaction, as proposed by Hincapie-Ramos et al. (2014) [40], based on accepted endur-
ance studies and obtained by calculating the biomechanics of the upper arm. Higher con-
sumption endurance values indicate higher arm fatigue. At the end of the experiment, a
volunteer was invited to participate in the recording of the spatial location index of en-
durance at spatial depths of 350 mm, 400 mm, and 450 mm, with better performance. The
results are shown in Figure 7. At a depth of 350 mm, the lower area of the center consumes
less endurance. Regions consuming less endurance were shifted to the right with increas-
ing spatial depth. At 450 mm spatial depth, the lower right area consumes low endurance,
significantly better than the upper left area.
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Figure 7. Heatmaps of consumed endurance distribution at three spatial depths (350-450 mm).

3.1.5. Conclusions

Through the arm click offset, reaction time, and movement time index, the spatial
area and spatial depth that may affect the user’s clicking behaviors were analyzed. The
results showed consistent performance among multiple subjects. For spatial depth, par-
ticipants with 650-750 mm upper limb length had the preferred task performance in the
range of 350-450 mm depth, and the subjective evaluation results were consistent with
the objective index measures.

According to the results of the effect test, the intersection of spatial region and spatial
depth has a significant effect on the movement time. This shows that the distribution of
performance in the field of view at different depths is different, so the space with the pref-
erable clicking interaction is not a plane of equal depth. In the spatial area, with the in-
crease in spatial depth, the area with less movement time shows a lower right deviation
trend. By exploring the distribution of the performance of movement time in space, it is
found that the area with better movement time performance in space presents a spherical
shape with the reference center offset to the lower right in the field of vision. This result
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should be related to the fact that all experimental participants were right-handed, so the
distribution of efficient interaction regions was affected by the handedness effect. The con-
sumption endurance has an obvious spatial area distribution law: the consumption en-
durance of the upper space is greater than that of the lower area, and the consumption
endurance of the non-lower hand side is greater than that of the lower hand side. The
results show that the regional distribution of low fatigue interactions shows a trend to-
wards the lower side with increasing spatial depth.

Considering the skewness of the better performance area of the consumption endur-
ance and interaction time index, the reference center of the user’s efficient interaction
space zone will be further explored. At the same time, as seen from the pre-experiment,
the length of the upper limb has a significant effect on the interaction performance of click-
ing. Therefore, an experiment is necessary to further explore the depth of the click target
space based on the long ratio of the upper limb between the interaction performance and
subjective comfort.

3.2. Experiment 2

In the previous experiment, it is known that clicking performance is significantly af-
fected by spatial depth and spatial area, and there is a spatial band with efficient virtual
hand clicking interaction in 3D space, which is a spherical-like shape. Moreover, the cur-
vature of the sphere may be in a certain ratio to the length of the upper limb, and the
spherical spatial reference center has a bias of approaching the hands. To further explore
the spatial form of the virtual hand clicking interaction, Experiment 2 was designed. In
Experiment 2, different spatial layout reference centers and spatial depths were taken as
independent variables, click offsets, movement time, and subjective evaluation were taken
as indicators, and the interactive space layout of virtual hand clicking was comprehen-
sively analyzed by task performance and subjective comfort.

3.2.1. Experimental Design

There are two purposes of Experiment 2. One is to study the reference center param-
eters of the spatial layout for the suitable task performance results of the interface, and the
other is to study the spatial depth design parameters with excellent task performance and
subjective comfort. The experimental content was the same as in Experiment 1, and the
spatial click position and starting position were the same. Experiments recorded click off-
set, movement time, and participants’ subjective preferences.

The experiment contained two tasks. In task 1, the independent variable is the refer-
ence center position of the spatial layout, and the spatial depth is set to 400 mm. According
to previous studies, three reference center locations of the eye, chest, and right shoulder
center were selected, and right-side 5°, 10°, and 15° angles were selected in the setting of
this study. Therefore, eye center (0, 0), chest center (0, —15), right of chest 5° (5, -15), right
of the chest 10° (10, -15), right of the chest 15° (15, -15), and right shoulder center (20, -15)
were designed as variables, as shown in Figure 8a. The independent variable of task 2 was
spatial depth, taking 0.5, 0.618, 0.764, 0.854, and 0.919 proportions of the length of the par-
ticipants” upper limb as a variable (Figure 8b). In the surfaces of both tasks, the experi-
mental stimuli were presented at 52 spatial positions within the same visual field as Ex-
periment 1.
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Figure 8. Experimental variable design in Experiment 2.

3.2.2. Participants, Equipment, and Process

Twenty-nine volunteers aged between 22 and 26 years (11 men and 18 women, age
M = 23.94, SD = 1.36) were recruited for the experiment. All participants had normal or
corrected-to-normal vision without any physical impairment. All participants were right-
handed. All participants received information about the study and signed a consent doc-
ument prior to participation.

The experimental equipment was the same as in Experiment 1. The experimental pro-
cedure was the same as in Experiment 1. The experimental stimuli presentation was pro-
cessed in a random order during each task. The total duration for each participant lasted
approximately 30 min.

After completing the experimental task, the subjective questionnaires of five spatial
depths and six spatial layout reference centers required them to score the 7-point Likert
scale of their clicking experience from the perspective of comfort level and fatigue.

3.2.3. Results

As in Experiment 1, Experiment 2 also used the three standard deviation method to
eliminate the outliers of the sample to exclude the result bias caused by the device re-
sponse delay. The results show that the click offset is significantly affected by the spatial
layout reference (F(5,8574) = 11.001,p < 0.01,7]% = 0.006). Figure 9a shows the standard
deviation of the six spatial layout references. Among them, the click offset deviation of the
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right shoulder center is the smallest, and the center of the chest has the largest click offset.
The movement time was also significantly affected by the spatial layout of the reference
center (F(5,8574) = 34.440,p < 0.01,nj = 0.020), as shown in Figure 9b, which is the
standard deviation of the six reference center positions of the spatial layout. Among them,
the movement time of the center of both eyes, the right side of the center of the chest, and
the center of the right shoulder is short, and the movement time of the chest center is the
longest.

Eye center Chest center 5 °totheright 10 °tothe right 15 ° to the right Center of right

shoulder

Spatial Layout Reference Center

(a) Click Offset Under Different Reference Centers

[

i

Eye center Chest center 5 °totheright 10 °to the right 15 °to the right Center of right

shoulder

Spatial Layout Reference Center

(b) Movement Time Under Different Reference Centers

Figure 9. Bar charts of click offset and movement time for six spatial layout reference centers.

In task 2, ANOVA found that click offset was significantly affected by the proportion
of spatial depth to the upper limb (F(4,7067) = 14.282,p < 0.01,nj = 0.008). As shown in
Figure 10a, the standard deviation of the click offset for a total of five spatial depths of 0.5
to 0.919 is proportional to the upper limb length. Among them, the click offset is the small-
est at 0.764, followed by 0.618 and 0.854, and 0.5 and 0.919. Movement time was also sig-
nificantly affected by the proportion of spatial depth to the upper limb (F(4,7067) =
65.239,p < 0.01, 11]23 = 0.036). As shown in Figure 10b, the standard deviation for a total of
five spatial depths of 0.5 to 0.919 is proportional to the upper limb length. Among them,
the movement time under 0.618 is the shortest, followed by 0.764 and 0.5, and 0.854 and
0.919.
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Figure 10. Bar charts of click offset and movement time for five upper-limb depth ratios.

Tables 1 and 2 show the subjective preference normalized mean scores of experi-
mental subjects performing the clicking manipulation across two tasks. Subjective prefer-
ence contains three indicators, all of which are high scores corresponding to positive ef-
fects, as shown in Tables 1 and 2. The higher the comfort score, the more natural and
comfortable; the higher the fatigue score, the lower the fatigue; the higher the comprehen-
sive satisfaction, the higher the overall satisfaction. For the subjective evaluation of the six
spatial layout reference centers, it can be seen from Table 1 that for the spatial layout ref-
erence center, the right shoulder center has the most suitable subjective interaction com-
fort and the lowest fatigue, followed by the binocular center and the chest center, which
are the worst performers. In terms of comprehensive satisfaction, the right shoulder center
is suitable, and the chest center is the worst.

Table 1. Normalized subjective mean scores for six spatial reference center layouts.

Proportion of Upper Limb Length 0.5 0.618 0.764 0.854 0.919
Comfort degree 0.53 0.87 0.85 0.64 0.34
Fatigue degree 0.90 0.88 0.71 0.65 0.38

Comprehensive satisfaction 0.72 0.88 0.78 0.65 0.36

For the subjective evaluation of the spatial depth of the five upper limb proportions,
Table 2 shows the appropriate degree that the subjective interaction comfort in the arm
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accessibility domain is represented by a 0.618 to 0.854 ratio. The smaller the long propor-
tion of the upper limb, the lower the interaction depth, and the fatigue increased with the
gradual extension of the arms. On the comprehensive satisfaction level, the upper limb
long ratio of 0.618 was relatively superior.

Table 2. Normalized subjective mean scores for five upper-limb depth ratios.

Spatial Right of Chest Right of Chest Right of Chest Right Shoulder
Reference Center Eye Center  Chest Center 5° 10° 15° Center
Comfort degree 0.75 0.58 0.59 0.64 0.76 0.77
Fatigue degree 0.70 0.59 0.62 0.65 0.67 0.85
hensi .
Comprehensive satis 0.73 0.59 0.61 0.65 0.72 0.81

faction

3.2.4. Conclusions

Combined with the one-way ANOV A results of Task 1, layouts referenced to the bin-
ocular or right-shoulder center exhibited better click offset and movement time, while the
chest-centered layout performed the worst. The right-shoulder reference reduced point-
ing difficulty for far-left and far-right targets, and subjective preference scores favored this
layout significantly.

One-way ANOVA was also used for Task 2 to analyze the effect of spatial depth-to-
upper-limb proportion. Comprehensive metrics, including movement time, click offset,
and subjective comfort, showed that the mid-range arm-reachable zone (0.618 and 0.764
ratios) achieved the appropriate performance, with shorter movement time, higher point-
ing accuracy, and greater subjective comfort than other proportions.

4. Discussion

Based on the hand-eye behavior characteristics, using multidimensional perfor-
mance indicators as the evaluation and test method, this study designed ergonomics ex-
periments to explore the design parameters related to the spatial morphology of the vir-
tual hand clicking interaction 3D interface. The experiment was to explore the virtual en-
vironment in the user sitting state, spatial depth, and space area for virtual hand clicking,
interactive click offset, movement time, reaction time, and CE; the comprehensive consid-
erations found in the field of 3D space in the efficient interaction space and the space with
a spherical shape have a trend of bias. Experiment 2 further explores the spatial reference
center of the 3D interface and the spatial depth based on the long proportion of the upper
limb.

For the spatial depth of the contact virtual hand clicking 3D interface, different from
the viewing distance in previous studies, the viewing distance of the virtual hand clicking
interaction interface is also the interaction distance of the virtual hand, which is affected
by the hand—eye coordination mechanism. In the experimental measurement index, reac-
tion time is mainly related to eye movement, movement time is mainly related to hand
movement, and click accuracy is mainly related to hand—eye coordination. In Experiment
1, it was found that spatial depth had a significant impact on click offset, reaction time,
and movement time performance, and it had the most significant effect on click accuracy.
For participants with 650-750 mm upper limb length, reaction time performance was bet-
ter at 350-450 mm spatial depth, click offset and movement time were better at 350 mm
and 400 mm, and best at 400 mm, consistent with [38]. The reason for this result is that the
reaction time is affected by the viewing distance, and when the target appears in a distant
spatial position, the subjects need more target detection time [23]. The movement time is
mainly affected by the arm movement chain. It is obvious that when the target appears in
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a close spatial position, the arm movement chain required by the participant to complete
the clicking task is shorter, and the movement time is also shorter. The click offset perfor-
mance is a comprehensive index to measure the clicking interaction performance, which
is influenced by the joint coordination of the hand and eye, and the target spatial depth
has the greatest influence on it. Therefore, it can be preliminarily judged that the interac-
tion spatial depth distance of approximately 400 mm can be used as a universal virtual
hand interaction space distance to provide a reference for the design. Different from the
previous use of single indicators to study the spatial depth of the 3D interface in a virtual
environment, the experiment used multiple indicators to measure the spatial depth with
better performance and found that the relatively superior spatial depth of the 3D interface
is affected by the joint action of the hand and eye, and it explored the possible influence
mechanism of the hand and eye.

Considering the influence of spatial depth and spatial area on interaction perfor-
mance and subjective comfort, the interface geometry is determined to be a sphere with a
certain curvature within the field of view. The interaction between spatial region and spa-
tial depth exerted a significant effect on movement time. Spatial distribution heatmaps of
movement time reveal that central positions exhibit shorter movement durations at near
depths, delivering relatively favorable task performance. With the increase in spatial
depth, the areas with better performance tend to shift towards the right and below. Move-
ment performance may be limited by the arm physiology of the right-hand user, and the
arm movement chain must be highly folded when the right-handed user clicks on the
present target in the lower right area during close interaction. As spatial depth increases,
the arm folding amplitude of the target in the lower right region is relatively relieved,
while the upper left region target requires greater effort to reach.

Combining the spatial distribution of appropriate operating points at all depth levels,
the high-efficiency interaction space for virtual hand pointing within the user’s field of
view presents a roughly spherical shape shifted toward the lower right. It should be noted
that the participants recruited in this experiment were right-handed, while no left-handed
control group was included, which directly limits the generalizability of the research con-
clusions. The observed regularities, including the overall rightward shift in the preferable
interaction region and the growing operational advantage of the lower-right area as spa-
tial depth increases, are derived from the kinematic characteristics of the right-handed
arm and cannot be directly applied to left-handed users. Furthermore, only single-handed
unilateral pointing tasks were adopted in the experiment without bilateral bimanual in-
teraction tests. Therefore, the preferable spatial parameters and reference layouts obtained
herein are only applicable to single-handed unilateral operations and cannot directly
guide compound interaction tasks such as synchronous bimanual grasping and bilateral
coordinated manipulation. Future work will recruit balanced groups of left- and right-
handed participants for comparative analysis and introduce bimanual interaction tasks to
supplement interface design references for users with different handedness and diverse
operation modes.

Experiment 2 further explored the interaction performance of spatial depth based on
the long proportion of the upper limbs, added subjective evaluation indicators, and found
that the comprehensive performance of spatial depth between 0.618 and 0.764 was better.
Through the comparison with previous studies [33,39] and the verification of interaction
performance and subjective evaluation, it can be considered that the proportional depth
between 0.618 and 0.764 based on the long proportion of the user’s upper limb is good in
the design. We studied two possible factors of fixed spatial depth and individual upper
limb length under the same conditions and gathered that there are two design strategies
for the curvature of the virtual hand clicking interface in VEs, setting the fixed spatial
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depth of 400 mm for a universal virtual hand clicking interface, with the display depth
between 0.618 and 0.764.

Regarding the spatial reference center, the right-side operational advantage observed
in Experiment 1 confirms that handedness substantially affects virtual hand interaction
performance. Traditional 3D interfaces typically adopt eye-centered layouts for visual
presentation, whereas interactive VR interfaces require ergonomic optimization for ma-
nipulation tasks. The present results indicated that binocular-centered and right-shoul-
der-centered layouts outperformed chest-centered layouts. The binocular-centered layout
benefits visual concentration and supports efficient top-down eye-driven interaction,
which is suitable for pure display-oriented VR scenarios. In contrast, the right-shoulder-
centered layout shortens the effective arm motion chain, reduces asymmetric operational
fatigue for lateral targets, and delivers higher subjective comfort, making it more applica-
ble for control-intensive VR tasks. In practical design, the reference center should be se-
lected according to functional requirements: eye-centered layouts for visual presentation
and right-shoulder-centered layouts for interactive manipulation.

Several limitations of this study should be noted to clarify the applicable boundary
of the conclusions. First, all experiments were conducted under static seated conditions
with fixed torso and shoulder postures, restricting limb movement to forearm and wrist
rotation only. Realistic VR scenarios include standing, walking, turning, and dynamic
torso displacement, which significantly alter arm reachable ranges, eye-hand distances,
and comfortable motion boundaries. Consequently, the preferred fixed depth, propor-
tional range, and spherical curvature identified in this study cannot be directly general-
ized to dynamic interactive environments. In addition, only simple repetitive single-point
clicking tasks were tested. Complex operations such as target tracking, dragging, multi-
selection, and 3D rotation were not included, restricting the applicability of the findings
to high-load coupled interaction tasks.

Second, the generalizability is constrained by sample and hardware limitations. The
participant pool covered a narrow age and upper-limb range, excluding adolescents, older
adults, and users with physical limitations. Although the sample size satisfied ANOVA
statistical standards, individual physiological differences were not systematically ana-
lyzed. Furthermore, all data were collected using a single VR device, whose inherent vis-
ual distortion, tracking latency, and fixed field of view may have biased the suitable spa-
tial parameters. The conclusions thus cannot be directly applied to VR devices with dif-
ferent hardware specifications. Third, this study only adopted virtual hand physical click-
ing paradigms and did not include classical remote interaction methods such as ray-cast-
ing and Go-Go interaction.

At the same time, a large number of studies on physical surface displays have found
that there are some trade-offs in the performance advantages of graphical user interfaces
presented in surface ways. For example, studies have found that high curvature on desk-
top displays increases the psychological, physiological, and temporal requirements for the
task and produces visual distortion regardless of the display size [44]. Some studies have
also noted that, in terms of visual performance, curved displays improve the user experi-
ence [45]. However, this does not necessarily mean that the higher the curvature of the
display, the better the user experience. There may be a point of diminishing returns where
higher curvature no longer improves the user experience [46].

In conclusion, the findings of this study are strictly applicable to static seated, right-
handed users, using a single VR device for discrete single-point virtual hand clicking in-
teractions. The proposed design parameters are not generalizable to left-handed users,
dynamic postures, diverse VR hardware, or complex interactive tasks. Future studies will
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expand stratified participant recruitment, adopt multiple device platforms, and incorpo-
rate dynamic and complex interaction paradigms to further improve the universality of
3D virtual hand interface design theories.

5. Conclusions

In this study, we explore the changes in click accuracy, time performance, subjective
evaluation, and fatigue distribution with different spatial locations to determine the spa-
tial pattern of the virtual hand clicking interactive interface. The results show that a hem-
ispherical interface configuration, combined with either a fixed spatial depth of 400 mm
or an individualized depth ranging from 0.618 to 0.764 of the user’s upper limb length,
and a right-shoulder-centered spatial layout, can achieve favorable interaction perfor-
mance and reduce operational fatigue under the tested conditions (Figure 11).

This work provides conditional spatial design references for virtual hand interface
ergonomics. Nevertheless, the findings are limited to static single-point interaction sce-
narios, a narrow right-handed sample population, and a single VR device, without gener-
alizing to dynamic postures, complex interactive tasks, diverse user groups, or other VR
hardware and remote interaction paradigms. Future work will recruit participants with
varied handedness and physical characteristics, adopt multi-posture dynamic experi-
mental paradigms and complex manipulation tasks, and validate the design parameters
across multiple devices and interaction modes to improve the universality of three-dimen-
sional virtual hand interface design theories.

Spatia| DEDth

Figure 11. Proposed spatial morphology design parameters for 3D interfaces.
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  F ( 3 ,   2417 ) = 35 . 980 , p < 0 . 001 ,  η p 2 = 0 . 042


  F ( 3 ,   2417 ) = 60 . 604 , p < 0 . 001 ,  η p 2 = 0 . 070


  F  ( 3 ,   2417 ) = 18 . 170 ,   p < 0 . 001 ,  η p 2 = 0 . 022


  F  ( 5 , 4893 ) = 712 . 460 ,   p < 0 . 001 ,    η p 2 = 0 . 421


  F ( 5 ,   4893 ) = 407 . 099 ,   p < 0 . 001 ,    η p 2 = 0 . 294


  F ( 5 ,   4893 ) = 39 . 063 ,   p < 0 . 001 ,    η p 2 = 0 . 039


  F  ( 8 ,   4893 ) = 24 . 852 ,   p < 0 . 001 ,    η p 2 = 0 . 040


  F ( 40 ,   4893 ) = 4 . 521 ,   p < 0 . 001 ,    η p 2 = 0 . 036


  F ( 5 , 8574 ) = 11 . 001 ,   p < 0 . 01 ,    η p 2 = 0 . 006


  F ( 5 , 8574 ) = 34 . 440 ,   p < 0 . 01 ,    η p 2 = 0 . 020


  F ( 4 , 7067 ) = 14 . 282 ,   p < 0 . 01 ,    η p 2 = 0 . 008


  F ( 4 , 7067 ) = 65 . 239 ,   p < 0 . 01 ,    η p 2 = 0 . 036

