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Figure 1: Initial positioning of a robotic ultrasound probe including predefined end effector poses P0–P3 and motion trajectories
T1–T3 following an approach by Seitz et al. [9].

ABSTRACT

Working safely in close proximity to robots, such as during robot-
assisted medical procedures, requires communication of robot in-
tent. We investigated how augmented reality (AR) visualizations
can convey robot poses, trajectories, and motion progress by com-
paring several designs in a laboratory study with six participants.
Results showed that arrow-based visualizations are preferred for
representing robot poses and trajectories. Explicit progress dis-
plays were perceived as clearer and safer, but trajectory-based cues
were preferred overall due to reduced distraction. Overall, visual-
izations that conveyed essential information while minimizing oc-
clusion were rated most valuable. This work contributes an initial
perspective towards structuring the AR design space for human-
robot interaction with a robotic arm, illustrated through the example
of robotic ultrasound.

Index Terms: Augmented Reality, Human-Robot Interaction,
Robotic Ultrasound, Robot Intent, Mixed Reality.

1 INTRODUCTION

As robots increasingly transition from isolated industrial settings
to everyday environments, human-robot collaboration is becoming
more prominent. In medical contexts, for example, robotic systems
assist clinicians during procedures. Robotic systems can generally
be classified according to their level of autonomy, ranging from
teleoperated systems to highly autonomous ones [13]. While full
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automation is expected in the more distant future, near-term sys-
tems will likely operate at relatively low levels of autonomy and
rely on supervisory control [13]. As a result, clear communica-
tion of intended robot behavior is essential for successful collab-
oration [2]. Predicting such behavior is especially crucial for en-
suring safety in shared work environments and establishing user
trust [5]. These requirements are particularly relevant in robotic ul-
trasound applications, where the robot operates in close proximity
to the patient and the operator. In this context, the tolerance for
unexpected or poorly communicated robot motion is low, as such
movements may compromise safety and reduce user trust. While
physical safety mechanisms such as collision detection or compli-
ance control are commonly applied to mitigate risks [10], the clear
communication of intended robot behavior represents a comple-
mentary strategy that supports predictable and safe human-robot
interaction. To address this challenge, prior work has explored the
application of augmented reality (AR) to convey real-time robot be-
havior. AR enables spatial and immediate visualization of informa-
tion directly within the work environment. In the context of robotic
ultrasound, such approaches are particularly relevant for support-
ing users during the initial robot positioning and alignment of the
ultrasound probe to the body surface. Seitz et al. [9] proposed a
stepwise approach in which a robotic arm holding an ultrasound
probe moved through four predefined intermediate poses leading
to the final surface-contact pose. Their prototype further explored
different autonomy levels for executing the overall trajectory, but
did not incorporate visualizations to support understanding or mon-
itoring the robot’s motion. In contrast, several studies have exam-
ined AR-based interfaces for communicating robot intent. Tsamis
et al. [11] introduced an AR interface to interact with a robotic arm
mounted on a mobile platform, enabling both programming tasks
and the visualization of cues about the robot’s intended motion.



Their visualization approach comprised three modules for depict-
ing navigation paths and arm movements, including sphere-shaped
virtual objects and safety zone rendering realized through a semi-
transparent sphere. Their results showed reduced task completion
times and robot idle times, fewer workflow interruptions, and in-
creased safety and user trust compared to standard operation. Be-
yond such application-specific interfaces, other work has focused
more explicitly on the design and comparison of visualization con-
cepts for communicating robot intent. Gruenefeld et al. [3] investi-
gated three different progress visualizations for industrial robot mo-
tion to enhance spatial awareness and reduce collision risk. They
distinguished between path visualizations depicting virtual end ef-
fector trajectories, preview showing a virtual replica of the robot
arm, and a volume representation using a cylindrical shape. Their
results indicated that participants reported the highest confidence
and perceived safety with the volume visualizations and were most
accurate in anticipating subsequent robot motion, while requiring
the least head movement compared to the other visualization ap-
proaches. In this context, Walker et al. [12] introduced an AR-
based design framework including four visualization approaches
for conveying the intended motion of an aerial robot. They com-
pared the approaches in a standardized manner in a user study with
60 participants including subjective and objective metrics. Their
results showed that AR-based visualizations significantly improved
objective task efficiency and users’ comprehension of robot intent.
Additionally, the evaluated designs revealed trade-offs between in-
tent clarity and user perception, with more explicit visualizations
generally leading to higher perceived communication quality and
usability.
The present work adopts an exploratory approach to investigate vi-
sualization concepts for communicating intended poses and mo-
tions of a robotic ultrasound system. An initial robot-positioning
strategy for surface alignment was adopted from a work of Seitz
et al. [9], and a set of visualization concepts was systematically
identified and implemented. These concepts explored different rep-
resentations of end effector poses, trajectories, and progress, which
were assessed in a user study with regard to comprehensibility, pre-
dictability, and perceived safety. Rather than proposing a finalized
interface design, the goal of this work is to compare these visual-
ization elements. In addition, a touchless control was implemented,
including a graphical user interface (GUI), to facilitate human-robot
interaction.

2 VISUALIZATION

Different representations were used across the categories pose, tra-
jectory, and progress. The designs follow prior work in robot-
related AR visualization, as referenced in the corresponding sec-
tions, and were specifically adapted to the requirements of robotic
ultrasound. The conceptual principles of each visualization ap-
proach are described in the following subsections, while the cor-
responding implementation details are provided in Section 3.2.

Pose Representations of this category visualize the current
or future Cartesian poses (x,y,z,a,b,c) of the robotic end effector
along the path. Representations include sphere, arrow, and virtual
replica (see Fig. 2). The sphere representation uses simple three-
dimensional spherical objects [6, 12] to indicate the Cartesian posi-
tion. Arrow elements are displayed as V-shaped arrowheads, encod-
ing both Cartesian position and the movement direction toward the
next target pose [4, 12]. Virtual replicas depict the Cartesian pose,
including both position (x,y,z) and orientation (a,b,c), and mimic
the proportions of the real tool [8].

Trajectory Representations of this category visualize the
straight-line paths between the defined end effector poses. This
includes continuous ribbon, sphere segments, box segments and ar-
row segments (see Fig. 3). Continuous ribbon visualizes the tra-
jectory as a continuous, viewer-oriented surface [3]. Sphere seg-
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Figure 2: Representations of included pose visualizations including
(a) spheres, (b) arrows and (c) virtual replicas.

ments depict the trajectory using regularly spaced spheres [12, 6].
Similarly, box segments depict the trajectory using regularly spaced
boxes, implicitly indicating direction through axis alignment [3].
Arrow segments depict the trajectory using regularly spaced V-
shaped arrowheads, explicitly encoding the movement direction
[4, 12].

Progress Representations of this category focus on different
approaches to visualize the end effector’s progress along the path
between two target poses. It is implemented through one trajectory-
based approach and two approaches including external indicators
(see Fig. 4). Trajectory-based indicators include a trajectory gradi-
ent where trajectory segments are colored ranging from black near
the current pose to white for distant poses [1, 3]. External indi-
cators include percentage display (exact percentage of completed
trajectory) [14], and circular display (progress indicated by clock-
wise filling) [12]. Both are positioned above the next target pose.

3 IMPLEMENTATION

3.1 Apparatus
The experimental setup consisted of a robotic arm of type KUKA
LBR iiwa 161 using Sunrise.OR 16 operated in SmartServoLIN to
enable continuous updating of target coordinates. A mock-up ul-
trasound probe was mounted on the robot’s end effector. All mo-
tion commands were referenced to the tool center point, corre-
sponding to the tip of the ultrasound probe. AR content was pre-
sented through a head-mounted display of type HoloLens 22. All
AR representations were implemented using Unity3. The system
comprised the physical robot, a desktop Unity application, and a
HoloLens Unity application (see Fig.5). The robot continuously
streamed motion status and Cartesian pose data to the HoloLens,

1KUKA AG, Germany
2Microsoft Corporation, USA
3Unity Software Inc., San Francisco, USA



(a) (b)

(c) (d)

Figure 3: Representations of included trajectory visualizations in-
cluding (a) continuous ribbon, (b) sphere segments, (c) box seg-
ments and (d) arrow segments.

while user input from the AR interface was sent back to the robot
controller. Real-time adjustments of the visualization parameters
were performed within the desktop application. All components
communicated via bidirectional UDP. Spatial registration between
the robot and the HoloLens coordinate system was achieved through
a manual alignment procedure. Users placed a virtual robot base
model onto the physical robot base using hand gestures and con-
firmed the alignment through a virtual button. All AR visualizations
- except GUI elements - were subsequently aligned to the registered
robot base frame.

3.2 Visualization Approaches
The robot poses P0–P3 were predefined (see Fig.1) following an ap-
proach of initial robot positioning by Seitz et al. [9]. In this setup,
P0 represented an arbitrary starting point, P2 a pose 10 cm above
the surface-contact pose P3, and P1 an interpolation between P0 and
P2. All representations were aligned with the computed Cartesian
coordinates (x,y,z) and, where applicable, to the corresponding ori-
entation (a,b,c).
For the arrow pose representation, an additional logic was imple-
mented to encode subsequent motion direction. Trajectory visual-
izations were instantiated by placing segments at regular intervals
along each sub-path. A dedicated module stored central parameters
such as trajectory length or motion direction. Progress was visu-
alized using a global progress value, with the trajectory gradient
derived by mapping colors to each segment based on its relative
position along the path. The percentage display and the circular
display followed an analogous logic.

3.3 Human-Robot Interaction
The system provided motion control of the robot through a GUI
anchored within the user’s field of view (see Fig. 2). The GUI
consisted of a motion-control button with three automatic switching
states (start, stop, continue) and a pinning button to fix the interface
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Figure 4: Representations of included progress visualizations in-
cluding (a) trajectory-based gradient, (b) external percentage indi-
cator and (c) external circular indicator.

in place. After each target pose was reached, the motion-control
button returned to the start state. Pressing the start button triggered
additional auditory feedback.

4 EVALUATION

The study aimed to compare the different visualization approaches
with respect to comprehensibility, predictability, and perceived
safety. Participants were recruited without requiring specific prior
knowledge or expertise. A table positioned in front of the robot sim-
ulated a patient table (see Fig.1). Participants stood at a predefined
distance of 85 cm from this table to ensure consistent viewing con-
ditions and full visibility of both the robot and AR visualizations.
An experimental supervisor operated the desktop application and
intervened if necessary using the robot’s smart pad. Visualization
approaches were evaluated within their respective categories, with
elements presented in a randomized order. At the beginning, partic-
ipants were briefed on the study aims and procedure, provided in-
formed consent and completed a demographic questionnaire. Prior
to each category, participants received a short explanation of the
respective visualization’s function. Each representation was pre-
sented by having the robot execute all four target poses once be-
fore returning to the initial pose. Preferred pose and trajectory vi-
sualizations were used when assessing the progress visualizations.
After each representation in the pose and trajectory category, par-
ticipants verbally completed a custom-designed questionnaire. It
consisted of three Likert-scale items (1: very bad, 5: very good) as-
sessing comprehensibility, predictability, and perceived safety (one
item each), a ranking of the elements to capture individual prefer-
ences, and three open-ended questions for general feedback. The
progress questionnaire was likewise developed specifically for this
study. It comprised six questions, including two Likert-scale items
(1: very bad, 5: very good) assessing comprehensibility and per-
ceived safety (one item each), one ranking, and two open-ended
questions for general feedback.



Figure 5: System architecture illustrating the three application components and their bidirectional data exchange.

5 RESULTS

Six participants took part in the study (5 male, 1 female), aged be-
tween 22 and 31 (M=25.00, SD=3.16). Two had no visual impair-
ment, one was farsighted, and three nearsighted, all with corrected
vision. Prior expertise with AR was assessed using a five-point Lik-
ert scale (1 = no prior experience, 5 = very high prior experience),
with ratings ranging from 2 to 5 (M=4.17, MAD=1.33). Prior ex-
pertise with robots ranged from 1 to 3 (M=2.00, MAD=0.89).
Participants generally found pose visualizations useful for un-
derstanding the robot’s current position and its intended mo-
tion. Comprehensibility was rated highest for spheres (M=4.67,
SD=0.52) followed by arrows (M=4.33, SD=1.21) and replicas
(M=3.83, SD=0.75) (see Fig. 6). With regard to predictability, ar-
rows received the highest ratings (M=4.33, SD=0.82). Perceived
safety was comparable for arrows (M=3.83, SD=0.75) and replicas
(M=3.50, SD=0.55), and lowest for spheres (M=2.50, SD=0.55).
Overall, arrows were ranked highest, followed by replicas and
spheres. Participants emphasized that arrows clearly conveyed mo-
tion direction, perceived as the most critical information, whereas
replicas were criticized for partially occluding the environment.
Trajectory visualizations were generally perceived as valuable for
understanding both direction and progress of the intended robot
motion. Comprehensibility ratings were comparable across ap-
proaches, however, ribbon segments received lower scores for pre-
dicting subsequent robot motion (M=2.50, SD=1.52) and were crit-
icized for occluding the real scene (see Fig. 7). In contrast, sphere
segments (M=3.0, SD=1.26), box segments (M=3.33, SD=1.37),
and arrow segments (M=3.17, SD=1.60) showed similar high pre-
dictability ratings, with sphere segments particularly noted for min-
imal occlusion. Perceived safety was considered comparable across
elements, however, arrow segments were evaluated most positively
(M=4.00, SD=0.89). Participants ranked arrow segments highest
due to their clear indication of motion direction and intuitive inter-
pretation, followed by sphere segments, box segments, and ribbon
segments. Half of the participants considered the progress visual-
izations helpful, whereas the other half regarded them as unneces-
sary. Comprehensibility was evaluated similarly for the percent-
age display (M=3.67, SD=1.03) and the circular display (M=3.67,
SD=0.82), and less positively for the trajectory gradient (M=3.17,
SD=1.17) (see Fig. 8). Perceived safety ratings showed moderate
variations, with the percentage display (M=3.83, SD=1.60) rated
highest, followed by the circular display (M=3.5, SD=0.55) and
the trajectory gradient (M=3.17, SD=0.75). The trajectory gra-
dient, however, received the best overall ranking, as participants
emphasized its advantage of not introducing an additional display
and therefore avoiding distraction. The percentage display was val-
ued for providing explicit numerical information, while the circular
display was generally considered intuitive but less precise.

Figure 6: Participant ratings of comprehensibility, predictability,
and perceived safety for the three pose visualizations.

6 DISCUSSION & CONCLUSION

The study results indicate that pose and trajectory visualizations are
most effective when they clearly convey directional intent and mo-
tion progress without introducing visual clutter. Visualizations that
communicate essential information - such as end effector orienta-
tion or subsequent motion direction - while minimizing occlusion
were rated most valuable, with arrow-based representations consis-
tently preferred. Replica-based pose visualizations may offer ben-
efits for conveying end effector orientation but require a reduction
in visual magnitude to avoid obstructing the real scene. Trajectory
visualizations need further refinement, particularly regarding seg-
ment density. The effectiveness of some progress indicators, such
as trajectory-based gradients, appeared to depend on the underlying
trajectory representation and might be more perceivable in continu-
ous forms (e.g. ribbons) than discrete segmentations (e.g. spheres).
In the context of study objectives, progress visualizations were per-
ceived as supplementary rather than essential for understanding or
predicting robot behavior, particularly for short, straight-line robot
motion. Additional displays risk overwhelming users and should
therefore be applied sparingly.
In a clinical context, preferences and requirements may differ from
those observed under laboratory conditions. Clinicians are likely
to prioritize visualizations that minimize distraction and integrate
seamlessly into the clinical workflow [7]. For example, explicit vi-



Figure 7: Participant ratings of comprehensibility, predictability,
and perceived safety for the four trajectory visualizations.

sualizations that were found useful in prior work [12] may be per-
ceived as intrusive or cognitively demanding in clinical settings or
by specific user groups. This highlights the importance of consid-
ering domain-specific constraints and user preferences when trans-
ferring visualization concepts from laboratory settings to clinical
practice.
The study is subject to several limitations. First, the sample size
was small, and participants showed comparably high prior famil-
iarity with AR, limiting generalizability. In addition, the study par-
ticipants did not have a clinical background. Second, spatial reg-
istration was performed manually, introducing potential alignment
inaccuracies and inter-participant variability. Third, the abstract and
simulated study environment do not fully reflect the complexity and
constraints of the realistic clinical setting. In future iterations, the
surface-contact pose will be integrated using marker-based track-
ing, with an optical marker placed on the surface to define the in-
tended probe pose. Moreover, subsequent evaluations should be
conducted with radiologists to assess the applicability and effec-
tiveness of the visualization approaches in realistic clinical contexts
including standardized questionnaires.
This work presents an exploratory investigation of AR-based visu-
alization elements to support human-robot interaction in a robotic
ultrasound application by facilitating spatial understanding and mo-
tion prediction. By systematically identifying and comparing key
visualization concepts, including representations of poses, trajec-
tories, and progress, the study provides an initial structuring of
the design space for communicating intended robot behavior. The
findings do not constitute a finalized visualization design but rather
highlight visualization elements that appear particularly promising
for the considered use case based on user feedback. As such, the
results serve as a foundation for further refinement and validation.
Future work should include evaluations with clinicians and more
complex, realistic scenarios to assess the applicability of the iden-
tified design directions and to guide their integration into practical
robotic systems.
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