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Previous studies have shown that different sensory cues delivered through
augmented reality can improve operator performance in pointing tasks. This paper
systematically evaluates the effects of visual, auditory, and haptic cues on
operational performance during the manipulation of a Phantom Touch pointer to
reach a target point across four real-virtual interaction configurations. The effects
of different sensory modalities are compared using metrics including operational
accuracy, task completion time, and subjective measures. The results indicate that
sensory cues do not significantly improve pointing accuracy under aligned
configurations, where both the pointer and target are either real or virtual. In
contrast, under misaligned configurations, visual cues outperform other modalities
in pointing accuracy, while haptic cues yield the shortest task completion time
among the three modalities. These findings support a cue design principle for
selecting appropriate sensory cues based on the interaction configuration and task
objectives, providing practical guidance for AR-assisted human-robot interaction.
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1. Introduction

Industrial robots have become an increasingly indispensable element in modern smart manufacturing,
collaborating with human operators on the shop floor. Robots are typically responsible for repetitive, precise, or
highly physical tasks, while humans handle higher-level decision-making and command execution [1]. Human-
robot collaboration is now commonly applied in manufacturing tasks such as welding, assembly, and transport
operations, where human operators issue commands to control robotic movement [2]. Collaborative robots
(cobots) can be moved through direct physical guidance or interface-based control, depending on the task and
system design. In direct teaching mode, the operator physically holds the robot arm and manually guides it along
designated waypoints. In interface-based control, the user specifies movement commands through devices such as
a teach pendant or joystick. As a result, three-dimensional (3D) pointing has become an important input modality
in human-robot interaction in manufacturing environments [3].

Augmented reality (AR) integrates virtual elements into the physical world, thereby enhancing users’
perception of the environment and improving situational awareness. Previous studies have demonstrated the
advantages of robot motion planning through multiple interaction modalities within AR interfaces, such as
gestures, eye gaze, voice commands, and head movements [1,3-5]. These human inputs are translated into
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executable commands that enable the robot to perform tasks in 3D space. During task execution, appropriate
sensory cues, such as visual images, auditory signals, or tactile vibration feedback, can be delivered through AR
in a timely and intuitive manner, allowing users to perform robot planning more effectively. Consequently, AR
interfaces for 3D input tasks in robot motion planning have received increasing attention from the perspective of
human-robot interaction in smart manufacturing [3,6-8].

In pointing tasks, both the moving object and the target may exist in either real or virtual forms, resulting in
four different real-virtual interaction configurations. Previous studies have separately investigated pointing
accuracy under these conditions in various application scenarios; however, a systematic comparison and analysis
of all four conditions remains limited. Therefore, this study focuses on the use of AR-based sensory cues in robotic
pointing tasks across different real-virtual configurations and evaluates how cue modalities affect operational
performance. During the pointing tasks, users directly manipulate a robot arm in 3D space to move its pointer to a
designated target position. User performance is compared across different combinations of sensory cues and
interaction configurations using both objective and subjective measures. By examining performance across
different real-virtual interaction configurations, this study proposes a cue design principle for selecting appropriate
sensory modalities based on the interaction context. The findings provide design guidelines for AR-assisted
pointing interfaces and effective human-robot interaction systems.

2. Literature Review
2.1. Sensory Cues in AR-Assisted 3D Input

Previous studies have demonstrated the advantages of different sensory cues across various aspects of
performance in human-machine interaction [9,10]. In visual search tasks, tactile cues have been shown to facilitate
faster reaction times, whereas auditory cues tend to reduce error rates [9]. Haptic cues are more effective than
visual cues in preventing robot collisions with surrounding surfaces, while visual cues outperform haptic cues in
avoiding unintended contact with target objects [10]. In general, haptic cues are well suited for conveying time-
critical information that requires immediate attention, whereas visual cues are more effective for communicating
continuous system status [10].

Vision is the most extensively studied sensory modality and is often regarded as particularly important for
perceiving and interacting with the surrounding environment [11]. Accordingly, visual feedback is commonly used
to support 3D pointing tasks. When performing tasks in 3D space, AR can be used to present spatial references
and visualizations, including points and positions, paths and trajectories, regions and boundaries, as well as other
visual representations that convey information about the robot or environment, such as direction, velocity, targets,
and obstacles [12]. Visual feedback includes both inherent sensory information, such as direct visual observation
and views obtained through head-mounted displays (HMD), and designed augmented visual cues overlaid on the
interface. An AR-assisted teleoperation system for pick-and-place tasks proposed five types of visual assistance
cues to support human-robot interaction, including motion guidance, obstacle indication, target hints, autonomy
activation, and autonomy intention [13]. A study on pointing tasks compared different visual cues, including
texture, support cylinders, and color highlighting. The findings indicated that highlighting was the most effective
cue, functioning as selection feedback that significantly improved pointing performance [14]. In 3D input tasks,
commonly used AR visual cues include directional guidance, distance-to-target representation, and target
confirmation. Directional cues are typically visualized using arrow vectors or connecting lines to indicate the
intended direction of movement [10,15]. Distance cues are often represented by lines linking the current position
to the target, where distance is encoded through line length, numerical displays, or height indicators [10,15,16].
Target confirmation cues commonly include highlighting the target object, color changes, and text-based Ul
elements that indicate interaction states, such as affordances or task completion [10,17].

2.2. Depth Perception in Real-Virtual Interaction Configurations

3D pointing is more complex than planar pointing due to the increased degrees of freedom and the need to
control movement in depth [18]. Depth perception arises from the integration of multiple depth cues, including
occlusion, relative size, relative density, height in the visual field, aerial perspective, motion parallax, vergence,
accommodation, and binocular disparity [19]. These cues do not contribute equally across all distances; instead,
their relative importance varies with spatial scale. In near or personal space, depth perception is primarily
supported by binocular disparity, convergence, and accommodation, whereas occlusion and relative size remain
an effective and reliable source of depth information across all spatial ranges [19,20]. Perceptual matching tasks
are used to evaluate how rendering design influences depth perception by requiring users to align virtual and
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physical objects. Unlike real objects, virtual depth is not physically grounded but is instead conveyed through
rendering cues [21].

Depth cues may be influenced by the interaction interface and operational context. Virtual-virtual pointing
performance on stereoscopic display is reduced compared to real-real pointing in the physical world. This
reduction may be attributed to lower ballistic movement accuracy and conflicting visual feedback due to
insufficient depth perception [22]. Such visual conflicts may lead to more difficult and time-consuming corrective
movements in virtual pointing [22]. When comparing virtual-virtual and real-virtual configurations using a virtual
reality (VR) HMD and an optical see-through AR HMD, respectively, both devices exhibited similar overall
performance. However, depth perception issues had a more pronounced impact in VR, likely due to the availability
of real-world visual references in AR that provide richer real-world spatial information and motion parallax [23].
Different interaction configurations are also associated with various display modalities, including AR/VR HMDs,
stereoscopic displays, and 2D displays. Performance differences may arise from the availability of depth cues, with
3D selection being affected by vergence-accommodation conflict and degraded under depth cue conflicts [24,25].
Teleoperation systems have attempted to enhance spatial perception through the integration of 3D sensing
technologies, VR/AR interfaces, and visual annotations [26]. An AR-based VR interface provides preliminary
evidence that visualizing depth information through AR overlays may enhance teleoperation performance by
reducing perceptual ambiguity and improving spatial awareness [27].

The above literature review identifies two research gaps in existing studies. First, although different sensory
cues have been applied to support 3D pointing tasks across various application contexts, systematic cross-
comparisons under unified experimental conditions remain limited. Second, the influence of real-virtual interaction
configurations on the effectiveness of different sensory modalities has not been thoroughly examined. This study
aims to address these gaps through a comprehensive experimental investigation. The remainder of this paper is
organized as follows. Section 3 presents the experimental design for evaluating pointing performance under
different sensory cues in AR and real-virtual interaction configurations. Section 4 reports the key findings derived
from statistical analysis. Section 5 concludes the paper and outlines directions for future research.

3. 3D Pointing Experiment

This section describes the experimental design and the implementation of the required interactive functions.
It includes the design of sensory modalities, the hardware and software used, as well as the experimental
procedures and evaluation metrics. Prior to conducting the experiments, the study protocol was approved by the
Research Ethics Committee of National Tsing Hua University (REC No.: 11404HE064).

3.1. Experimental Setup

Figure 1 illustrates the experimental setup, which consists of a HoloLens 2 HMD, a Phantom Touch haptic
device, and a desktop Unity server to support multimodal interaction in 3D pointing tasks. The HoloLens 2 renders
the experimental AR scene, including visual and auditory cues, and displays the virtual pointer and target. The
Unity server performs coordinate transformations between real and virtual spaces and records experimental data,
communicating with the HoloLens 2 via TCP/IP over Wi-Fi. The Phantom Touch device is connected to the Unity
server through a USB cable, providing haptic feedback while simultaneously reporting pointer position data. The
setup allows the user, wearing the HoloLens 2, to manipulate the haptic device to control the pointer and reach a
designated target, while receiving real-time multimodal feedback for pointing assistance in the AR environment.

L_teee [ unity
WiFI

HoloLens 2 Unity Server
= Generate visual and auditory cues = Coordinate transformation between
= Display a virtual pointer and target real and virtual spaces

= Record experimental results

‘0
AR Scene USB Code
"

Phantom Touch

= Generate haptic cue
= Report pointer positions

Figure 1. Experimental setup for AR-assisted 3D pointing with sensory cues.
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The apex of a square pyramid serves as the real target, while its corresponding 3D model is presented as the
virtual target in AR. As each trial involves multiple pointing tasks, pyramids of four different heights (60, 80, 100,
and 120 mm) are randomly assigned to reduce potential learning effects. As shown in Figure 2, a custom-designed
base is used to ensure stability and prevent tipping during the experiment. The orange marker at the tip of the stylus
of the haptic device is defined as the real pointer controlled by the participant, which must be aligned with the
target position (see Figure 3a). In contrast, the virtual pointer is defined as a point located 3 cm beyond the stylus
tip along the direction from the stylus base to the stylus tip. As shown in Figure 3b, the blue ray represents this
extension, and the red cursor at its end denotes the virtual pointer controlled by the participant.

lal

(a) (b)

Figure 2. (a) Real square pyramid and its supporting base and (b) virtual target.

(a) (b)

Figure 3. (a) Real pointer indicated by the orange marker and (b) representation of the virtual pointer.

To avoid interference from lighting variations on spatial perception, the experiment was conducted in an
enclosed indoor environment with stable and uniform illumination. The experimental layout is shown in Figure 4.
The target square pyramid was positioned 37 cm from the front edge of the table to accommodate a seated posture,
with the upper arm hanging naturally and the forearm resting horizontally on the table. To eliminate visual
interference, a white partition was positioned between the haptic device and the target. To reduce the influence of
head movement on alignment accuracy between virtual content and corresponding real-world location, participants
were instructed to place their chin on a chin rest to maintain a stable head posture. A rectangular platform was
used to define the initial position of each trial; the stylus tip was placed on its top surface before initiating each
pointing task. Throughout the experiment, participants wore the HoloLens 2 and performed the task using a natural
pen-holding posture, with the stylus tip kept visible and not occluded by the hand.
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Figure 4. Experimental layout.

3.2. Sensory Cue Designs
3.2.1. Visual Cue Design

The design aims to assist users in perceiving the positional discrepancy between the pointer and the target
along three spatial directions. As shown in Figure 5, three semi-transparent white planes represent the front-back,
left-right, and up-down directions, respectively. A dynamically varying green square is overlaid on each plane to
indicate the positional deviation along the corresponding axis. When the pointer is at the initial position, the square
is at its minimum size dmin. As it approaches the target from a distance, the square gradually increases in size; once
the target is reached, the semi-transparent plane is fully covered by the square at its maximum size dmax. This
design provides complete three-axis spatial cues, allowing users to adjust one direction at a time. An advantage of
this approach is that it integrates directional guidance and distance-related visual variation into a single cue, thereby
reducing the process of integrating multiple sources of information.

< =
(1 2) 3)

Figure 5. Dynamically varying visual cue: (1) initial position, (2) approaching the target, and (3) target reached.

3.2.2. Auditory Cue Design

Based on the experimental findings reported by Bazilinskyy et al. [28], varying inter-stimulus intervals has
been shown to improve performance in distance estimation tasks. Accordingly, the auditory cue in this study adopts
this approach to assist users in perceiving the distance between the pointer and the target. As the cursor moves
closer to the target, the interval between successive auditory beeps decreases (i.c., the repetition rate increases
from Humin to Hmax). Throughout the pointing task, the sound pressure level was maintained at 66 dB SPL, and the
pitch was fixed at approximately 2093 Hz.
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3.2.3. Haptic Cue Design

The haptic cue design follows the approach proposed by Wang et al. [8]. In their study, the same haptic
feedback device generated a pulling force to guide the pointer toward the target during 3D input tasks. When the
user moves the pointer away from the target, the applied force opposes the movement direction, creating noticeable
resistance and indicating that the movement direction should be adjusted. The magnitude of the force feedback is
dynamically adjusted according to the positional discrepancy between the pointer and the target: a larger force is
applied when the pointer is farther from the target, and a smaller force is applied as it approaches the target. The
force magnitude ranges from Fuin to Fmax. When the pointer coincided with the target, no force was applied. Once
a positional discrepancy occurred, the force resumed from Fi, in the direction of the target..

3.3. Experimental Procedure

A pilot experiment was first conducted to determine an optimal modulation pattern for each sensory cue design.
Five participants (three males, two females) were recruited to directly manipulate the Phantom Touch pointer to a
real target (see Figure 6). The cue parameters selected based on the pilot experiment are summarized in Table 1. It
has been shown that during the fine-adjustment stage, when the pointer is very close to the target, non-linear
modulation of assistance cues can improve user accuracy [7]. Therefore, this study evaluates the effects of different
modulation patterns on pointing accuracy by conducting a pilot experiment that compares three modulation functions,
square, linear, and square-root, to identify the most effective approach for each sensory modality.

Table 1. Design features of the implemented sensory cues.

Sensory Cue Modulation Pattern Design Features
Visual cue Linear transformation dmin = 15 mm, dpax = 50 mm

. . ° Hmin=1Hz, Hpnx =8 Hz
Auditory cue Square transformation e 2093 Hz tone at 66 dB
Haptic cue Square-root (sqrt) transformation Frin=0.1 N; Fnax =04 N

Figure 6. Manipulation of a Phantom Touch pointer to reach a vertex on a real target.

The main experiment employed a within-subject design. Participants were recruited based on the following
criteria: 18-30 years of age, normal or corrected-to-normal vision, no color vision deficiency, and right-
handedness. All participants provided informed consent before the experiment and completed a practice session
of the pointing tasks with an emphasis on accuracy. In total, 20 participants with an equal gender ratio were
recruited to examine the effects of sensory cues and pointer-target configurations on pointing performance. Each
participant experienced all combinations of the three sensory cue conditions and the no-feedback baseline across
the four real-virtual interaction configurations. The real-virtual interaction configuration factor comprised four
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pointer-target configurations: real-real (R-R), real-virtual (R-V), virtual-real (V-R), and virtual-virtual (V-V)
conditions. Within each condition, the pointing task was performed four times at different target heights.
Participants were also instructed to prioritize accuracy when completing the pointing task. They were not required
to deliberately increase their movement speed, but intentional slowing was also discouraged.

Both objective and subjective measures were collected in the experiment. As summarized in Table 2, task
performance was evaluated using pointing accuracy and completion time, while subjective workload was assessed
by a custom questionnaire. Accuracy is defined as the Euclidean distance between the final pointer position and
the target, and completion time is measured as the duration from the start signal to voluntary trial termination. For
statistical analysis, the real-virtual interaction configuration factor was represented by two binary factors, pointer
and target, corresponding to whether the pointer and target were real or virtual. The data were analyzed using
linear mixed models (LMMs), with sensory cue, pointer, target, and their interactions specified as fixed effects,
and the subject treated as a random effect. For skewed dependent variables, including accuracy and completion
time, a logarithmic transformation was applied prior to statistical analysis. Partial n* values (n,?) were calculated
from the F statistics to estimate the effect sizes of the fixed effects. Tukey’s post hoc test was conducted for
pairwise comparisons.

Table 2. Evaluation criteria during the experiment.

Evaluation Criteria Definition
Accuracy Euclidean distance between the indicated position and the target.
Completion time The duration from start signal to voluntary trial termination.

A custom five-point Likert-scale questionnaire adapted from the System Usability
Scale (SUS) and the NASA Task Load Index (NASA-TLX) to evaluate mental
workload, perceived complexity, intuitiveness, helpfulness, ease of use, confidence,
and predictability.

Subjective questionnaire

In the reported F statistics, the numerator degrees of freedom were determined by the number of levels of
fixed-effect factors. For example, the sensory cue factor contained four levels, resulting in three numerator degrees
of freedom (4 — 1 = 3) in the accuracy and completion time analyses. The denominator degrees of freedom were
estimated using the Satterthwaite approximation based on the fitted linear mixed model. The analyses were based
on 1280 observations (20 participants x 4 sensory cue conditions x 4 real-virtual interaction configurations x 4
repetitions at different target heights). The subjective questionnaire analysis included 240 observations (20
participants X 3 sensory cue conditions X 4 real-virtual interaction configurations) as questionnaire data were
collected only for the three sensory cue conditions, excluding the no-feedback baseline. Hence, the sensory cue
factor had two numerator degrees of freedom (3 — 1 = 2) in the subjective questionnaire analysis.

4. Statistical Analysis of Experimental Results
4.1. Statistical Analysis Results
4.1.1. Pointing Accuracy

Figure 7 presents the statistical results of pointing accuracy across the three sensory cues and the no-feedback
baseline. There was a significant main effect of sensory cue (F(3, 1245) = 28.349, p < 0.001, n,2 = 0.064).
Significant interactions were also observed between pointer and target (F(1, 1245) = 484.222, p < 0.001, > =
0.280), and among sensory cue, pointer, and target (F(3, 1245) = 13.487, p < 0.001, n,2 = 0.031). In the R-R and
V-V conditions, no significant differences in pointing accuracy across sensory cues were observed. In contrast,
the effect of sensory cue was significant in the R-V condition (p < 0.001). Post hoc comparisons revealed that
visual cues significantly outperformed no feedback, haptic cues, and auditory cues in pointing accuracy. A similar
pattern was observed in the V-R condition (p < 0.001), in which the visual cues yielded significantly greater
pointing accuracy than all other conditions. Regardless of sensory cue, the R-R and V-V conditions yielded
significantly greater pointing accuracy than the R-V and V-R conditions.
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Figure 7. Comparison of accuracy across modality cues under four interaction configurations, with error bars
representing standard deviations and horizontal brackets indicating pairwise comparisons based on Tukey’s post
hoc test; asterisks denote statistically significant differences (p < 0.05).

4.1.2. Completion Time

Figure 8 presents the statistical results for completion time across the three sensory cue conditions and the
no-feedback baseline. There were significant main effects of sensory cue (F(3, 1245) = 89.205, p < 0.001, ,> = 0.177).
Significant interactions were also observed between pointer and target (F(1, 1245) = 120.349, p < 0.001, np* = 0.088),
and among sensory cue, pointer, and target (F(3, 1245) = 7.370, p < 0.001, 1,2 = 0.017). In the R-R condition, post hoc
comparisons revealed that completion time was significantly longer with visual cues than with no feedback (p < 0.001)
and haptic cues (p = 0.013). A similar pattern was observed in the V-V condition, in which completion time was
significantly longer with visual cues than with no feedback or haptic cues (both p < 0.001). In both the R-V and V-R
conditions, haptic cues and no feedback resulted in significantly shorter completion times than visual or auditory
cues (p = 0.004 for the comparison between no feedback and auditory cues in the R-V condition; all other
comparisons, p < 0.001). Regardless of sensory cue, the R-R condition yielded significantly shorter completion
times than the other three conditions.
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Figure 8. Comparison of completion time across modality cues under four interaction configurations, with error
bars representing standard deviations and horizontal brackets indicating pairwise comparisons based on Tukey’s
post hoc test; asterisks denote statistically significant differences (p < 0.05).
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4.1.3. Subjective Evaluation

A custom five-point Likert-scale questionnaire, adapted from the SUS and NASA-TLX, was used to examine
the trade-off between objective task performance and perceived cognitive workload. Subjective questionnaire data
were collected only for the three sensory-cue conditions, excluding the no-feedback baseline (Table 3). A
significant main effect of sensory cue was observed for every questionnaire dimension. Auditory cues were rated
as more intuitive than haptic cues, whereas both visual and auditory cues received higher ratings than haptic cues
for helpfulness, ease of use, predictability, and user confidence.

Table 3. Statistics of subjective evaluation.

Dimension Sensory Cue Effect Comparison
Mental workload F(2,209) =9.457, p <0.001, n,*> = 0.083 Visual > others (p < 0.001)
Complexity F(2,209) = 9.836, p < 0.001, n,% = 0.086 Visual = >aﬁg§t(i)£y(p(p:<o(.)dg(1);)
Intuitiveness F(2,209)=4.214, p = 0.016, n,> = 0.039 Auditory > haptic (p = 0.019)
Helpfulness F(2,209)=22.716, p < 0.001, n,2 = 0.179 Haptic < others (p <0.001)
Ease of use F(2,209)=13.170, p <0.001, n,2 = 0.112 Haptic < others (p <0.001)
Confidence F(2,209) =18.223, p <0.001, n,> = 0.148 Haptic < others (p <0.001)
Predictability F(2,209)=17.264, p < 0.001, n,> = 0.142 Haptic < others (p < 0.001)

4.2. Discussion

No significant differences in accuracy were observed between the aligned configurations (R-R and V-V), and
accuracy did not differ significantly across sensory cue conditions within either configuration. In the previous
study [29], participants were required to observe a target and then walk to its location with their eyes closed,
preventing continuous updates of spatial cues during movement and resulting in larger distance estimation errors.
However, the pointing task in this study allows continuous visual access to the target throughout the trial. Unity
rendering maintained correct virtual occlusion relationships between the pointer and the target during movement,
providing consistent depth cues. Thus, the V-V condition achieves accuracy comparable to the R-R condition
without the need for additional sensory cues. In contrast, aligned configurations demonstrated more accurate
pointing than misaligned configurations, which may be attributed to the greater availability of spatial perception
cues when the pointer and target maintain consistent configurations. Misaligned configurations not only lack
certain spatial cues but may also introduce visual conflicts due to discrepancies between depth perception sources.
Consequently, distance estimation may be more difficult under misaligned configurations, resulting in reduced
task performance.

Visual cues significantly improved accuracy only in the misaligned configurations, although they increased
completion time in both aligned and misaligned configurations. This performance pattern is likely attributable to
the more comprehensive spatial information provided by visual cues, which may require additional processing
time. Specifically, the design incorporates two elements. First, a 3D planar cue represents positional discrepancies
along the left-right, up-down, and front-back directions through changes in the area of colored patches, enabling
users to identify misaligned directions and obtain full 3D adjustment information. Second, a bounding-frame cue
indicates whether the object has been aligned with the target, serving as a final confirmation of alignment. Visual
cues compensate for the depth ambiguity in misaligned configurations; however, integrating the information
provided by visual cues with information directly observed from the real-world environment may require
additional cognitive processing, resulting in longer completion time and higher mental workload. The haptic cues
had the shortest completion time among the sensory cues. This may be attributable to haptic guidance facilitating
movement correction by providing continuous force information that can be directly incorporated into motor
control. This interpretation is consistent with the concept that tighter perception-action coupling can reduce the
need for intermediate stimulus-response translation during movement [30], although perception-action coupling
was not directly measured in this study.

The findings reveal trade-offs between performance and cognitive demand across different sensory cues.
Although visual cues are effective in improving spatial accuracy, their design complexity should be carefully
managed to avoid excessive cognitive burden. In contrast, haptic cues facilitated faster task completion by
providing more direct guidance through physical movement, thereby reducing the need for extensive visual
processing. This suggests that haptic information supports rapid motor adjustment, which is particularly beneficial
in time-sensitive operations. However, compared to visual cues, haptic cues did not achieve the same level of
accuracy improvement, indicating that different sensory modalities may serve complementary roles depending on
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task objectives. From an interaction design perspective, these findings suggest that sensory cues should be selected
based on both the interaction configuration and task objectives to achieve an appropriate balance between
operational performance and cognitive workload.

4.3. Limitations

This study experimentally identified how real-virtual interaction configurations influence pointing
performance and demonstrated that the effects of sensory cues were particularly pronounced under misaligned
configurations, with modality-specific benefits in accuracy and completion time. While these findings provide
empirical evidence for sensory cue design in 3D pointing, their generalizability to more complex robotic tasks
requires further investigation. First, the objective of the present study was not to replicate an industrial robot
programming environment, but to establish a controlled experimental setting for investigating interaction design
principles in three-dimensional pointing. The Phantom device, workspace scale, and static pointing task were
intentionally selected to isolate the effects of sensory modalities and interaction configurations. Second, the
experimental setup was smaller than a typical industrial workspace, and differences in movement range and target
distance may have influenced the observed performance. Third, although this study focused on three-dimensional
pointing to static targets, this interaction serves as the basis for many robotic programming tasks, including
trajectory teaching, orientation specification, assembly path planning, and dynamic target selection. Therefore, the
proposed design principles may provide a theoretical foundation for interaction design beyond the tasks examined
in this study. Future research should validate these principles in more complex robotic scenarios. Fourth, the visual,
auditory, and haptic cues conveyed different types of task-relevant information. Specifically, the visual cue
provided 3D spatial deviations and target confirmation, whereas the auditory and haptic cues conveyed distance and
directional guidance, respectively. Consequently, the observed differences may reflect both sensory modality and
information representation. Although this limits direct comparisons across modalities, the cue designs also reflect the
inherent characteristics of each sensory modality. Future research should develop more comparable cue designs to
better isolate the effects of sensory modality and evaluate their effectiveness in full-scale robotic operations.

5. Conclusions

In the supervision mode of human-robot collaboration, humans assume a decision-making role by issuing
high-level commands, while industrial robots execute motion and manipulation tasks accordingly. In such
contexts, operators frequently specify target positions, trajectories, or orientations in three-dimensional space to
guide robot movement. Although AR has been applied to support this input process, the effects of different sensory
cues on operational performance during robotic pointing tasks under varying interaction configurations remain
insufficiently studied. Therefore, this research systematically investigated the effects of visual, auditory, and haptic
cues on 3D pointing performance under four real-virtual interaction configurations in an AR-based human-robot
interface. Both objective measures (accuracy and completion time) and subjective workload were used to provide
a comprehensive evaluation. The experimental results indicate that the effectiveness of sensory cues is highly
dependent on the real-virtual configuration. Under aligned conditions (real-real and virtual-virtual), no significant
differences in accuracy were observed among sensory cues, suggesting that sufficient spatial information is
inherently available and additional assistance provides limited benefit. Notably, the virtual-virtual condition
achieved accuracy comparable to the real-real condition, which may be attributed to steady visual rendering and
continuous depth cues provided during the task. In contrast, under misaligned configurations (real-virtual and
virtual-real), visual cues significantly outperformed auditory and haptic cues in pointing accuracy. This advantage
is likely due to the more comprehensive spatial information conveyed by the visual modality design, including
directional guidance and alignment confirmation. Meanwhile, haptic cues were associated with shorter completion
times, indicating their effectiveness in guiding rapid movement, albeit with lower spatial precision. Subjective
evaluations further revealed that visual cues tend to increase perceived mental workload and task complexity,
suggesting a trade-off between performance and cognitive demand.

This study makes a theoretical contribution by proposing a cue design principle that emphasizes selecting
appropriate sensory modalities based on the interaction context and by identifying the performance degradation
caused by misaligned interaction configurations. The experimental findings provide insights into AR-assisted 3D
input interfaces and support the development of more effective human-robot interaction systems. Future work may
be extended in two directions. First, the scope of 3D input tasks can be expanded to include more complex
operations, such as rotation and trajectory tracing. Second, as multimodal cues can complement environmental
information, their combined effects on user performance warrant further investigation. Future studies may explore
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the integration of different sensory modalities to examine whether their combination can provide enhanced
assistance under various real-virtual interaction configurations.
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