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Abstract— Psychological factors such as ownership,
agency, and trust are critical to the acceptance and effective
use of prosthetic devices, yet their relationship to con-
trol reliability remains underexplored. We investigated how
induced delays and artificial malfunctions influence these
factors during prosthesis simulator use in a fully immersive
virtual reality environment. A Pasta Box Task was imple-
mented in Unity with MuJoCo physics simulation, using
surface electromyography myocontrol and integrated eye
tracking to measure subjective and visuomotor responses.
Thirty non-disabled participants completed six within-
participant conditions crossing two control delay and
three artificial malfunction levels. Validated questionnaires
assessed ownership, agency, and trust, while gaze metrics
quantified fixation percent, target-locking strategy, and eye
arrival and leaving latencies. Both delay and malfunction
significantly reduced psychometric scores, with artificial
malfunctions exerting the largest overall effect, while
delay particularly diminished agency. Artificial malfunc-
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tions also increased fixations on the prosthesis and altered
gaze strategies, suggesting compensatory behavior. Delay
primarily affected eye–arrival latency and the number of
fixations, whereas artificial malfunctions influenced target-
locking strategy and eye–leaving latency, indicating distinct
visuomotor adaptations to each reliability factor. Weak but
significant correlations emerged between gaze behavior
and psychometric measures. The results of the experi-
ment highlight the value of immersive, physics-accurate
virtual reality as an early-stage platform for the controlled
evaluation of myocontrol and prosthesis behavior and for
capturing relevant psychometric and visuomotor indicators
relevant to user-centered design.

Index Terms— Prosthesis, trust, embodiment, virtual
reality, eye tracking, myoelectric control, human–machine
interaction.

I. INTRODUCTION

RESEARCH on myocontrol methods and prosthesis
design has made enormous progress in the last decades

[1]. Still, current prosthetic systems in clinical settings face a
very high abandonment rate [2], [3]. To overcome the issues
at hand and achieve a more rapid translation from research
to the clinics, we believe that myocontrol development and
early assessment need to align closer with clinical reality
and activities of daily living. This requires easily accessible,
standardized, and realistic human-in-the-loop (HIL) tests that
can be carried out by research groups with minimal effort and
investment, facilitating the collection of both functional and
psychosocial parameters.

In recent years more studies have focused on prosthetic
embodiment [4], [5], [6]. However, only a few studies have
investigated the concept of trust in prosthesis, despite findings
that upper- and lower-limb prosthesis users link trust to system
reliability, responsiveness, predictability, and past experience
[7], [8]. Research in the field of robotics and automation
shows that trust is influenced by reliability and can change
dynamically over time [9], [10], [11], [12], [13], with reduced
reliability leading to measurable decreases in trust [14],
[15].

In this work, we present an experiment to assess ownership,
agency, and trust during prosthesis use inside a fully immersive
virtual reality (VR) environment. The setup implemented a
physics-based version of the Pasta Box Task (PBT) [16]
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utilizing MuJoCo [17] within Unity [18], allowing systematic
manipulation of control reliability via artificial delays and mal-
functions. Built-in eye-tracking enabled us to capture detailed
gaze metrics, alongside subjective measures. We investigated
how six combinations of additional control delay (none vs.
300 ms) and artificial malfunction frequency (none, medium,
high) affect ownership, agency, trust, and gaze behavior, with
the eye-tracking analysis serving as the main behavioral layer
for future translational prosthesis assessment.

Based on previous research on embodiment in prosthetics,
latency effects in VR, and trust in automation, we anticipated
that both artificial malfunctions and delays would influence
participants’ subjective and gaze-based responses. Specifically,
we expected malfunction frequency to be associated with
lower ratings of ownership, agency, and trust, and delays to
particularly affect agency. For gaze behavior, we anticipated
that reduced control reliability would lead to increased fixa-
tions on the prosthesis and reduced target-locking.

II. RELATED WORK

In the evaluation of upper-limb prosthetics, standardized
functional protocols such as the Southampton Hand Assess-
ment Procedure (SHAP) and the Assessment of Capacity for
Myoelectric Control (ACMC) quantify task performance and
control capacity at different levels of abstraction of activ-
ities of daily living (ADLs) [19], [20]. Among prosthetic
assessments that incorporate ADLs, the Pasta Box Task (PBT)
falls somewhere in between. First published in [16], it has
been used in multiple studies investigating motor planning
and gaze assessment, including studies with prosthesis users
[21], [22], [23], [24], [25], [26], [27]. The PBT imitates
a kitchen setting by requiring participants to move a pasta
box between shelves of different heights. Participants must
therefore move on various planes of motion, including Reach,
Grasp, Transport, and Release phases.

Although the described assessment tests allow the function-
ality of the prosthesis and/or the investigation of musculoskele-
tal parameters to be evaluated, they are limited in their ability
to represent participants’ subjective perceptions and, conse-
quently, the psychosocial outcomes of prosthetic control by
itself. Many past studies have focused on or included the topic
of prosthetic embodiment and often relied on explicit measures
through questionnaires. Recently, however, an increasing num-
ber of prosthetic studies have employed implicit embodiment
assessments, including intentional binding as a measure of
agency (e.g. [4]) and the proprioception drift as a measure
of ownership (e.g. [4], [5], [6])

VR researchers have long explored the idea of virtual
embodiment, based on body ownership and embodiment in the
real world [28]. It is commonly described as the perception of
something not originally part of the user’s body being experi-
enced and processed as one [29]. Factors like motor synchrony
and appearance are attributed to its emergence [30]. However,
the literature identifies multiple pathways by which body
ownership can be induced, including visuo-tactile synchrony
[31], visuo-motor synchrony [32], [33], visuo-proprioceptive
congruence [34], [35], and first-person perspective alignment

[33], [36]. These mechanisms have been shown to generate
ownership even in the absence of tactile feedback, particularly
in immersive VR scenarios [37]. Embodiment is often explored
with full body avatars, but just as relevant when just looking at
specific body parts, as shown in the foundational rubber hand
experiment [31]. Via body ownership and agency, embodiment
is influenced by how well they feel their virtual self responds
to their input. Here, ownership describes that something virtual
is perceived as part of our body. Agency, on the other hand,
is the experience of initiating and controlling virtual actions.
It occurs when expected outcomes of actions align with what
we perceive, reinforcing the belief that we caused the result.

In the field of prosthetic research, embodiment is also
broken down to the concept of ownership and agency. Induced
through synchronized sensory input, prosthetics can be expe-
rienced as natural extensions of the body, therefore fostering
an update of the body’s representation in the brain. This
experience enables researchers to capture in detail how users
of the system perceive their virtual prosthesis [38], [39].
Ownership and agency are influenced by how well individ-
uals feel their prosthesis responds to their input. Control
fidelity [30] and end-to-end latency can affect user experience
and performance in immersive VR [40]. Visuo-motor delays
have also been shown to modulate ownership and agency in
immersive VR and related hand-illusion paradigms [41], [42].
Additionally, embodiment can amplify affective responses to
virtual stimuli [43] and may shape attitudes toward system
reliability. Therefore, prosthesis control behavior is paramount.

While the concept of embodiment has been incorporated
into the scientific debate on prostheses, the role of trust is
still comparatively underrepresented. Qualitative reports from
prosthesis users indicated that trust is closely tied to per-
ceived reliability of mechatronic design and control, and that
improved sensory feedback can support this trust [7]. Lower-
limb prosthesis users further reported that higher trust reduced
the need to continuously monitor the device and attributed
trust to knowledge of capabilities, past experiences, respon-
siveness, predictability, and the level of prosthesis technology
[8]. In robotics and automation, trust has been studied more
extensively and is commonly described as a multidimensional
construct capturing perceptions of system purpose, process,
and performance as well as ability, integrity, and benevolence
[9], [10], [11], [12]. Importantly, trust is dynamic and can
evolve through phases of formation, dissolution, and restora-
tion [9], [13]. It is not an objective evaluation of functionality
alone, but integrates perceived design and performance on a
subjective level and can therefore be informative about future
reliance and use behavior [44]. Trust is strongly related to
perceived reliability and system faults [9], and decreases have
been observed under reduced reliability and malfunctioning
control in prior human-robot interaction (HRI) and teleoper-
ation settings [14], [15]. Consequently, we included trust as
a primary outcome alongside ownership and agency in our
reliability manipulation.

Human gaze has long been used to study visuomotor
control in musculoskeletal and prosthetic research. In pick-
and-place actions, gaze typically dwells on key landmarks: it
is directed to the object before and during Grasp and shifts
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Fig. 1. Experimental Setup and Protocol. On the left, the sensor setup and attachment are depicted. The left breakout view shows the
real-life attachment. On the right, the virtual reality environment, i.e., the pasta box setup with the order of movements, is displayed. The right
breakout highlights the grasp collider surrounding the pasta box used to define the Reach, Grasp, Transport, and Release phases. Below, the study
protocol of the within-participant study is shown. Abbreviations: sEMG = surface electromyography; VR = virtual reality; HMD = head-mounted
display (with eye-tracking); VEQ = Virtual Embodiment Questionnaire; Mov0/Mov1/Mov2 = first, second and third movement in the Pasta Box Task;
NM/MM/HM = no, medium and high malfunction level; ND/D = no delay and 300ms delay.

to the target during Transport [45]. In functional prosthesis
tasks, this pattern can change, with users showing prolonged
monitoring of the prosthetic hand during Reach and Transport
[27]. Accordingly, several myoelectric-control studies use gaze
features (e.g., hand/target fixation and gaze switching) as
objective markers of motor planning demands and control
reliability [22], [23], [24], [25], [46]. For example, a position-
aware controller reduced fixations on the prosthetic hand
[23], whereas increased unpredictability and delays have been
linked to more hand monitoring, reduced target fixations, and
more gaze switches [47].

Immersive VR enables standardized, instrumented HIL
studies with integrated sensing (e.g., eye tracking) and experi-
mental control. Prior AR/VR prosthesis training shows mixed
skill-transfer results [48], [49], [50], [51], but positive transfer
is more often reported in more realistic prosthetic scenar-
ios [52], [53], [54]. To increase interaction fidelity, physics
engines such as MuJoCo have been adopted in both non-
immersive and immersive prosthesis simulation [17], [55],
[56], [57].

Furthermore, earlier work has already dealt with the
VR-based assessment or training of prosthesis embodiment
[5], [6], [58], [59]. In [5], different numbers of surface
electromyography (sEMG) sensors and induced delays in the
myocontrol, and their influence on prosthesis embodiment,
were investigated. While a higher number of electrodes led
to a significantly increased embodiment score, the delay itself
did not have a significant effect on the embodiment score.

III. METHODS

.A. Experimental Setup

1) Hardware: The participants wore two sEMG armbands
(Myo Thalmic Labs) with eight channels each on their right
forearm, an HTC Vive Eye Pro head-mounted display (HMD)
and tracker, and an adapted finger and wrist orthosis (ManuLoc
Long Plus, Bauerfeind), as shown in Figure 1. If necessary,

the wrist and fingers were further blocked with an additional
3D-printed brace and straps to induce isometric muscle con-
tractions. The armbands stream via Bluetooth Low Energy
(BLE) with a sampling frequency fs = 200 Hz and an 8-bit
resolution. At the host PC, both BLE streams were combined
within MOSAIC, a C#-based signal processing framework
[60], where further signal processing and model learning were
carried out (Section III-A.3). The HTC Vive Eye Pro includes
eye-tracking capability with a sampling rate of up to 120 Hz
and describes combined gaze accuracy of 1.08 deg [61].

2) Virtual Environment: The developed setup is based on
the PBT first published in [16] and furthermore used for
prosthetic research in [21], [22], [23], [24], [25], [26], and
[27]. Designed to imitate a kitchen setting, the PBT requires
participants to move a pasta box between shelves of varying
heights, as shown in Figure 1. Therefore, participants must
move through different planes of motion, including Reach,
Grasp, Transport, and Release phases. The diameter and
weight distribution of the pasta box (PB) were modified to
simplify the interaction with the prosthesis. Furthermore, the
phases of interaction can be clearly divided into Reach, Grasp,
Transport, and Release, allowing the analysis of single phases
of the movement. In contrast to earlier implementations of this
test, the segmentation of interaction phases was implemented
only based on the interaction with (invisible) colliders in the
VR environment:

1) Reach: Started when the Home button was pressed.
2) Grasp: Started when the hand first collides with the

grasp collider box (see Figure 1), which is 70 mm
around the pasta box from all sides.

3) Transport: Started when the grasp collider box no longer
has a collision with the table.

4) Release: Started when the grasp collider box has a
collision with the next target location (yellow sticker)
and ends when the hand leaves the grasp collider box.

During the Release phase, the loss of contact was assessed
to determine whether the pasta box (PB) was successfully
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placed. Placement (PB fully inside target, PB touching only the
target, or PB outside the target) and orientation (up, sideways,
upside down) were derived from collision boundaries and the
angle between the global y-axis and the PB’s local y-axis.
As this study did not primarily assess functional myocontrol
performance, we defined a semi-success as grasping and
transporting the PB to the target location without a hand-
disconnection/drop. The final placement criterion was relaxed
such that touching the target and not being sideways was
sufficient. After each movement ended (independent of success
or failure), the PB turned grayscale to indicate it should no
longer be manipulated; the Home button became active and,
when pressed, respawned the PB at the next start position in
the correct orientation, after which the Home button returned
to grayscale.

Based on the position and orientation of the VR tracker
in the real world, the position of the virtual prosthesis was
adjusted inside the VR environment. To minimize the influence
of the body representation inside VR, we decided only to
render the robotic hand and forearm.

In contrast to previous implementations of this test, it
was developed using the physical simulation engine MuJoCo
[17] inside Unity. Therefore, the robotic hand used is fully
simulated at each timestep. This was chosen to increase the
realism in robotic interaction in VR. The robotic hand used
in this transradial prosthesis scenario was the Shadow Hand,
for which a MuJoCo version was available [62] and then
adapted to the task. The adaptation included a MuJoCo weld
connection to the position of the Vive tracker, rescaling to an
anthropomorphic size, and adjusting the ranges of motion for
the degrees of freedom (DOFs).1 The VR environment was
created using Unity [18].

3) Signal Processing and Myocontrol: The signal process-
ing and myocontrol were consistent with the steps of the
position control in [63], limited to two actuated DOFs,
i.e., hand-opening-closing (HOC) and wrist-flexion-extension
(WFE). The streamed signals from the sEMG sensors were
(i) amplified and rectified, (ii) lowpass filtered (2nd order
Butterworth [64], cutoff frequency fc = 0.6 Hz, (ii) subsam-
pled at 25 Hz. Afterwards, the Ridge Regression [65] was
trained with four control actions (rest, hand-closing, wrist-
flexion, and wrist-extension) in four rounds of training and
two different poses (elbow bent at approximately 90 deg and
arm extended). Each training repetition consisted of a 3 s
sEMG data recording, in which the participant was asked to
perform a medium (60 −70 % maximum force) contraction
of the specified action. The actuation of the DOFs θHOC and
θWFE was computed with the corrected regressor predictions
ȳC , ȳE , ȳF (see [66]) for hand closing, wrist extension, and
flexion with

θHOC = ȳC

θWFE =
ȳE − ȳF + 1

2
(1)

The communication between Unity and the signal pro-
cessing suite was implemented through a User Datagram

1A video highlighting the capabilities of the environment can be found
here: https://doi.org/10.5281/zenodo.16933419

Protocol (UDP) stream using the Streamlined Input Manager
(SIM) [67].

4) Myocontrol Manipulation: To test our approach of assess-
ing psychological factors through biosignals caused by
interaction with our environment, we first had to induce
different levels of the same psychological factors. To this end,
the myocontrol was manipulated with two different additional
delays and three levels of artificial malfunction, resulting in
six conditions for the within-subject study (Figure 1) The
additional delay of the prosthesis control was either None
[ND] or 300 ms [D]. In accordance with [40] and [68],
this was assumed to be in a range where it would have a
measurable impact. This delay was in addition to the inher-
ent control delay. Control delay was defined as the latency
between measured EMG activity and the virtual prosthesis
reaching the new target position. The dominant contribution
arose from causal EMG envelope filtering; its effective delay
was estimated via spectrally weighted group-delay analysis
and time-domain alignment of causal and zero-phase filter-
ing, yielding ca. 370 ms. Downstream scheduling (envelope
subsampling and Unity update timing) contributed ca. 25 ms,
while MuJoCo actuator dynamics added ca. 50 ms, depending
on actuation step size. Thus, the total externally imposed
control delay was approximately ca. 445 ms in baseline
conditions and ca. 745 ms when the experimentally induced
delay was applied. Importantly, this describes the latency
until a new target position is reached, not just movement
onset. This latency is reduced by the advance of the EMG
signal before force/movement onset (electromechanical delay)
by 30 −100 ms [69]. Additionally, the usage of isometric
contractions reduced the mechanical travel time to reach a
certain force level. We consider the latency caused by other
processes to be negligible in this context.

The artificial malfunctions were categorized into three lev-
els: none, medium, and high. In this context, ‘none’ meant
no malfunctions, medium meant 10/60 movements, and high
meant 20/60 movements had planned malfunctions. These
malfunctions were planned for the transport phases in each
condition.

To induce malfunctions that resemble intermittent myocon-
trol failures, we injected a brief, externally imposed opening
component during Transport at pre-randomized onset positions
within the transport trajectory. The injected disturbance was
smoothly blended in and out and was tuned to reliably reduce
controllability and cause object drops despite ongoing user
input.

.B. Measurements and Feature Calculations

1) Questionnaires: In the context of our study, we use
the following definitions for Ownership, Agency, and Trust.
Ownership refers to the feeling that a body (part) belongs
to oneself, is one’s own, and is the source of all sensory
stimulation [68], [70], [71]. Whereas, Agency refers to the
feeling of perceiving (motor) control over a body and, through
that, control over events in the environment [68], [72], [73].
Trust, we refer to as “the attitude that an agent will help
achieve an individual’s goals in a situation characterized

https://doi.org/10.5281/zenodo.16933419
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by uncertainty and vulnerability” [10, p.54] consistent with
standard models from automation and human–robot inter-
action literature [74]. The subjective measures used in this
work are questionnaires selected for their relevance to our
research questions, validation, and widespread use. We used
two questionnaires: Ownership and Agency were captured via
the body ownership and agency sub-scales of the Virtual
Embodiment Questionnaire (VEQ) [68]. The subscales can
be used on their own. We did not capture the third dimen-
sion “Change”, as it relates more to full virtual avatars as
opposed to prostheses. Although originally validated under
visual latency manipulations [68], the VEQ has since been
applied in contexts involving other embodiment mechanisms,
including studies testing visuo-tactile feedback (e.g., [75]).
Trust was measured via the Trust in Automated Systems
scale [74]. Although the scale did not originally consider
prosthesis, we believe it to be general and adaptable enough
to fit the use case. Compared to other scales evaluating trust in
automated systems and robotics, it does not overly anthropo-
morphize the prosthesis and force participants into inconsistent
interpretations of attributed ascribed [76]. Both scales were
slightly adjusted in their wording to refer to the prosthesis as
the object of relevance, and were used otherwise unchanged.
Compared to previous work, we specifically adapted and used
established instruments in place of using custom and non-
validated questions.

2) Eye-Tracking: Eye-tracking analyses were based on fix-
ations to three predefined regions of interest (ROIs): hand,
object, and target. The hand ROI refers to the colliders of the
hand and wrist parts of the virtual prosthetic hand. The object
ROI referred exclusively to the pasta box colliders. The target
ROI denoted task-relevant target locations and was phase-
dependent, comprising the pickup location during Reach and
Grasp, and the drop-off location during Transport and Release.
These definitions were applied consistently across all eye-
tracking metrics, except for TLS. Here, the object is assigned
to the hand or the target ROI, depending on the phase (see
below). A fixation on an ROI was defined when a spherical
gaze ray (diameter dr = 5 cm) intersected the corresponding
ROI collider. Invalid samples were treated as “no fixation”,
and brief gaps (‘!100 ms) were bridged to account for blinks
[21]. Fixations shorter than 120 ms were discarded as they are
unlikely to reflect information processing [77]. Multiple ROIs
could be fixated simultaneously (e.g., spatial overlap); in such
cases, overlapping fixations within the same ROI were merged
for fixation-percent computation.

a) Fixation percent: The fixation percent describes the
duration during which an ROI was fixated (processed as
described above) in a phase of a movement, normalized by
the duration of the phase [77].

b) Number of fixations: The number of fixations (NOF)
describes the number of times any ROI was newly fixated
(processed as described above) [21].

c) Target-locking strategy (TLS): This metric is defined as
the difference between fixation percent on the target ROI
and fixation percent on the hand ROI [77], [78]. A more
positive score indicates more time spent looking at the target
than the hand, which is theoretically associated with greater

confidence in the control of the prosthesis. For TLS only,
the object ROI (i.e. the PB) is grouped with the target
ROI during Reach/Grasp, and grouped with the hand ROI
during Transport/Release. When fixations on multiple objects
belonging to the same ROI (i.e., hand or target) temporally
overlapped, these fixations were merged and treated as a single
fixation for the purpose of computing the TLS.

d) Eye-arrival latency (EAL) and eye-leaving latency (ELL):
These metrics measure the extent to which the fixations
precede or lag behind the actions at the beginning and at the
end of the Transport phase. Our implementation is based on
the definitions by Lavoie et al. [21]. For the EAL at pickup
and the ELL at drop-off, we considered the first fixation on
the pickup or last fixation on the drop-off location and PB,
respectively. The EAL at drop-off used the first fixation on the
drop-off site. EAL calculations utilized fixations during Reach,
Grasp, and Transport. Analogously, the phases Transport and
Release were considered for drop-off.

.C. Experimental Protocol

1) Study Design: The repeated-measures experiment
included six (2 × 3) conditions, crossing two levels of delay
with three levels of artificial malfunction frequency. The
conditions are denoted as follows:

1) ND-NM: No Delay–No Malfunction
2) ND-MM: No Delay–Medium Malfunction
3) ND-HM: No Delay–High Malfunction
4) D-NM: 300 ms Delay–No Malfunction
5) D-MM: 300 ms Delay–Medium Malfunction
6) D-HM: 300 ms Delay–High Malfunction
The order of conditions for each participant was generated

using the balanced Latin square method to minimize carry-
over effects, and therefore, repeating after six participants. All
participants performed all conditions.

The specific round and movement in which artificial
malfunctions occurred were pre-randomized prior to data
collection, such that the 10 (medium malfunction) or 20 (high
malfunction) events were assigned to unique round–movement
combinations for all participants. For each of these events, the
onset time of the malfunction was additionally pre-randomized
as a relative position ri within the corresponding Transport
phase, expressed as a fraction of the transport distance. Thus,
malfunctions occurred only during transport phases selected by
the pre-randomization and at different, unpredictable positions
within those phases (Section III-A.4). To reduce carry-over
effects and reinforce the impression of different prostheses
across conditions, prosthesis color was randomized for each
condition.

2) Study Procedure: Participants were informed about the
study procedure, provided informed consent, and completed
the participant information and data privacy form. To limit the
influence of the study content on the participants’ behavior, the
participants were told they would test six different prostheses
in VR and evaluate their functionality. The omission of the
study purpose was fully disclosed at the end of the session.
Participants then donned the two Myos and the hand–wrist
orthosis. The orientation and position of the Myos were
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standardized across participants, and the VR tracker was
fastened around or clipped onto the Myo closer to the elbow.
Next, the myocontrol model was trained on participant-specific
sEMG data in four rounds (Section III-A.3). A brief pre-
study questionnaire assessed prior VR experience and current
physical condition (with a focus on nausea and discomfort);
the physical-condition question was repeated at the end of the
study.

Participants then wore the VR HMD, completed eye-
tracking calibration, and familiarized themselves with the
PBT environment (2 min exploration and 2 min free control
practice; Figure 1). At the start of each condition, eye tracking
was checked and calibrated if necessary. Each participant
completed all six within-subject conditions; each condi-
tion comprised 20 rounds with three movements per round
(Figure 1). After each movement (successful placement during
Release or a drop during Grasp, Transport, or Release),
participants pressed the Home button to respawn the pasta
box for the next movement. After completing all rounds of
a condition, participants removed the HMD and completed
questionnaires on ownership, agency, and trust. In rare cases
of instruction non-adherence or VR-environment issues, the
affected round was restarted.

3) Participants and Exclusion: The study was conducted
with 36 non-disabled participants, six of whom (one for each
condition order) were regarded as spares in case of exclusions.
Participants were excluded from the study if their myocontrol
performance was compromised by more than 25% of move-
ments where the object disconnected from their hand during
interaction, despite no artificial malfunction being induced.
Additionally, participants were excluded if their eye-tracking
validity fell below 80% in a substantial number of rounds, ren-
dering the condition unusable. One participant was excluded
due to low eye-tracking validity, and two were excluded due
to low myocontrol performance, suggesting that their control
was not functioning properly. These participants were replaced
by spares with the same condition order. Therefore, the total
number of participants analyzed was reduced to 30 to achieve
a balanced number of condition orders. If a problem with the
developed system was encountered, the specific round was
repeated immediately, and the second attempt was included in
the analysis. The included participants consisted of 18 male
and 12 female with age (mean ± SD) 28.86 ± 5, 14
of which 25 were right-, 3 were left- and 2 both-handed.
The experiments were conducted at FAU Erlangen-Nürnberg,
approved by the university’s ethics committee prior to the start
of the study (No.: 22-131-S) and conducted in accordance with
the Declaration of Helsinki.

.D. Data and Statistical Analysis

The results of the pasta box experiment were calculated
for each movement. The percentage of semi-success (see Sec-
tion III-A.2) was calculated as a score per condition for each
participant. Durations were aggregated for each participant
and condition, considering the movements with semi-success.
Fixations were aggregated as the mean for each phase and
movement within a condition of a participant. For fixations,

only movements with semi-success and without hand-object-
disconnects in the second half of the condition were considered
to minimize the influence of the actual malfunction and to
account for the time needed to adjust to the new setting. Since
a large variability was found between fixations in the trans-
port phase, depending on which movement was performed,
fixations were subtracted by the overall movement’s mean
before aggregation. Questionnaires were analyzed as defined
in the instructions. No further aggregation was necessary as
they were given out once per condition.

Before any statistical tests were conducted, outliers were
capped with the interquartile range (IQR) method. Data
normality was evaluated with the Shapiro–Wilk test. If nor-
mality was confirmed, a two-way repeated-measures ANOVA
(rmANOVA) on the factors delay and malfunction was con-
ducted as an Omnibus test, accounting for sphericity violations
with the Greenhouse-Geisser correction (denoted with pGG

in applicable cases). If the rmANOVA yielded a significant
influence of a factor, paired t-tests with Benjamini-Hochberg
correction (denoted with pBH) were performed as a post-
hoc test. If data normality was not confirmed, a Friedman
ANOVA was applied to each factor, and in case a signifi-
cance was found, a pairwise Wilcoxon signed-rank test was
conducted. Differences were considered statistically significant
for p-values below the threshold of α = 0.05. Furthermore,
to account for the high variability between movements and
participants before calculating correlations, the fixations on
the hand and object during the transport phase were robustly
z-normalized by their median and IQR.

The VR environment, gaze analysis code, and dataset with
EMG, kinematic, and gaze data are available here.2

IV. RESULTS

In this section, we present the overall results of the study,
as well as the influence of artificial malfunctions and delays
on the questionnaire results and gaze measurements.

.A. Pasta Box Task Results

Because artificial malfunctions were scheduled at pre-
randomized round-movement combinations, they could not be
executed if a movement terminated early due to an unsuc-
cessful user interaction. Accordingly, Figure 2A shows the
inter-participant variability in the number of executed artificial
malfunctions within each condition. To account for variability
in the number of artificial malfunctions within each condition,
we additionally ran a fixed-effects regression for all reported
results, treating malfunction count as a continuous predictor.
The results were consistent with the reported rmANOVA.

Across study order, task performance and timing showed
a learning trend, with semi-success increasing and move-
ment durations decreasing over repeated trials (Figure 2C–D).
Despite this overall improvement, participants differed
markedly in their movement-time variability, with pronounced
inter-individual differences in duration variability (Figure 2E).

2The VR environment, gaze analysis code, and dataset are available on
Zenodo
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Fig. 2. Pasta box and duration results - Panel A displays the distribution of artificial malfunctions that were triggered by the system per person
and condition as a boxplot with median, IQR, whiskers, and outliers. These artificial malfunctions do not include any unsuccessful user interactions.
Panel B shows the semi-success rate per condition in barplots, mean and SD errorbars. Panels C and D display the change in semi-success and
duration depending on the study order in movements where there was no artificial malfunction, as mean and SD, indicating a learning effect across
the experiment. Panel E shows the movement durations per person, illustrating the high individual variability. Panel F shows the centered duration
(subtracted by the respective movement’s mean duration) needed during the Grasp phase, depending on the condition, as a median, IQR, and
whiskers. Outliers in panel F are capped. Asterisks indicate the significance levels (∗ : pBH < .05, ∗∗ : pBH < .01) from the post-hoc Wilcoxon
signed rank test. All variables were aggregated by participant and condition. Abbreviations: ND = no delay; D = 300 ms delay; NM/MM/HM =
no/medium/high malfunction; IQR = interquartile range; SD = standard deviation; pBH = Benjamini–Hochberg-corrected p-value.

Condition-wise effects on semi-success and phase durations
are summarized in Figure 2B,F.

We also investigated how the durations of the phases change
depending on the condition. In the phase Grasp, the Friedman
ANOVA showed a significant influence of the factor delay
(χ2(1) = 8.53, punc = .004,W = .28) with a significant
difference between ND-NM and D-HM (pBH = 0.016) in the
post-hoc Analysis. The results from the post-hoc Wilcoxon
signed rank tests can be seen in Figure 2F, indicating mul-
tiple significant differences between delay conditions but not
within a delay group. Furthermore, in the phase Transport,
the Friedman ANOVA indicated a significant influence of the
factor malfunction (χ2(2) = 14.47, punc < .001,W = .24).

.B. Questionnaires
Four participants stated that they had no experience with

VR, 20 participants had a little experience (less than five
times), and six participants reported occasional use. The
pre- and post-questionnaires on the physical condition of the
participant indicated an increase in discomfort from 10.3±15.9
to 14.5 ± 17.0 on a scale [0, 100]. A Wilcoxon signed rank
test indicated no significant difference between measurements
(W = 67.0, p = .095, r = −0.42).

Next, we analyzed the results of the subjective questions to
determine whether the expected effect of delay and malfunc-
tions was evident. Figure 3 depicts the results of the ownership,

agency, and trust questions. Across all three measures, scores
tended to be highest in the ND–NM condition and progres-
sively lower with increasing level of malfunction (except
for agency and trust in condition D-MM). Delay conditions
generally showed reduced scores compared to their counter-
part. The lowest median scores in all questionnaires were
observed in the D-HM condition. The participant answered
the questionnaire after each condition; therefore, no further
aggregation steps were necessary. Two conditions of the own-
ership questionnaire showed minor normality violations, which
the rmANOVA was deemed robust against. The conducted
rmANOVAs confirmed a significant influence of the factor
malfunction on the ownership (F2,58 = 9.65, pGG < .001, η2 =

.041), agency (F2,58 = 9.86, pGG < .001, η2 = .055), and
trust (F2,58 = 9.41, p < .001, η2 = .051). Furthermore, the
factor delay also had a significant influence on the ownership
(F1,29 = 7.07, p = .013, η2 = .015), agency (F1,29 = 8.46, p =

.007, η2 = .041), and trust (F1,29 = 5.09, p = .032, η2 = .017).
The post-hoc paired t-tests with applied Benjamini-Hochberg
(BH) correction revealed the significant differences depicted in
Figure 3. The interaction between the factors malfunction and
delay had no significant influence on the subjective scores.

.C. Eye-Tracking and Correlations
The eye tracking results comprise the analysis of ROI

fixations, NOF, TLS, and EAL/ELLs. To minimize the effect
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Fig. 3. Questionnaire results - Panel A shows boxplots with medians and IQRs of the ownership, agency, and trust scores for each condition.
Asterisks illustrate the significance levels (∗ : pBH < .05, ∗∗ : pBH < .01) from the post-hoc paired t-test. Abbreviations: VEQ = Virtual Embodiment
Questionnaire; NM/MM/HM = no/medium/high malfunction; ND/D = no delay/delay; IQR = interquartile range; pBH = Benjamini–Hochberg-corrected
p-value.

Fig. 4. Region of Interest (ROI) fixation results - The figure compares hand and object ROI fixations across conditions and participants. Panel
A shows the centered fixation percent on hand ROI (left) and object ROI (right) over conditions as boxplots with median and IQR, single participant
values, and overlaid mean. Asterisks illustrate the significance levels (∗ : pBH < .05, ∗∗ : pBH < .01) from the post-hoc paired t-test. Panel B
illustrates the ROI fixation percent in the different movements and phases of the Pasta Box Task with mean and SD. Panel C shows the differences
in hand ROI fixation per participant. Abbreviations: ND = no delay; D = 300 ms delay; NM/MM/HM = no/medium/high malfunction; Mov0/1/2 =
first/second/third movement; IQR = interquartile range; SD = standard deviation; pBH = Benjamini–Hochberg-corrected p-value.

of the acute malfunction on the gaze, only measurements
from semi-successful movements without artificial malfunc-
tions from the second half of the condition were processed
as defined in Section III-D. Figure 4A shows the dif-
ferent overall fixation on the hand and object ROI per
movement phase, while Figure 4B and C illustrate the dif-
ferences in ROI fixation between movements, phases, and
participants. Interestingly, the ROI fixations behave very sim-
ilarly for the different movements and phases, except for

the Mov2 Transport phase. During Reach participants gen-
erally focused more on the object (60.71 ± 11.12 %)
than the hand (20.33 ± 10.57 %). The same applied to
the next phases Grasp (hand: 72.44 ± 14.34 %, object:
97.16 ± 3.82 %), Transport (hand: 64.47 ± 21.46 %, object:
76.79 ± 15.69 %) and Release (hand: 66.09 ± 17.84 %,
object: 96.53 ± 5.14 %). The ROI fixations showed a
very different behavior between people, visible in Figure 4C.
Because of the large differences in ROI fixations between
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Fig. 5. Other gaze feature results - This panel shows a selection of other gaze features with significant results illustrated over conditions as
boxplots with median and IQR. Panel A displays the eye-arrival latency during pickup, Panel B the eye-leaving latency during pickup, Panel C the
number of fixations on the hand ROI during Grasp, and Panel D the target-locking strategy during Transport. Asterisks illustrate the significance
levels (∗ : pBH < .05, ∗∗ : pBH < .01) from the post-hoc paired t-test or Wilcoxon signed rank tests. Abbreviations: ND = no delay; D = 300 ms
delay; NM/MM/HM = no/medium/high malfunction; ROI = region of interest; EAL = eye-arrival latency; ELL = eye-leaving latency; NOF = number of
fixations; TLS = target-locking strategy; IQR = interquartile range; pBH = Benjamini–Hochberg-corrected p-value.

movements in the Transport phase, we centered all ROI
fixations by their movement’s mean before further aggregating
over movements. Therefore, Figure 4A shows the fixation
percent relative to the movement’s mean. The conducted
rmANOVA confirmed that the factor malfunction had a signif-
icant influence on the hand ROI fixation (F2,58 = 8.12, pGG <
.001, η2 = .038) and object ROI fixation (F2,58 = 15.73, pGG <
.001, η2 = .046). The factor delay had just a significant influ-
ence on the hand ROI fixation (F1,29 = 4.19, p = .050, η2 =

.009) and no significant influence on the object ROI fixation
(F1,29 = 2.88, p = .10, η2 = .006). The results of the post-hoc
paired t-tests with BH corrections are visible in Figure 4A.
Figure 5 depicts the behavior of the other fixation-based
features with significant omnibus tests and their respective
post-hoc test results. TLS results during transport (Figure 5D)
indicated a clear downward trend across conditions. With
minor normality violation, a rmANOVA was conducted, con-
firming that malfunction had a significant influence (F2,58 =

11.76, pGG < .001, η2 = .032), but delay did not (F1,29 =

2.34, p = .137, η2 = .004). For the EAL during pickup, due
to non-normality, two separate Friedman tests were conducted,
each assessing one of the factors independently. The Friedman
test showed a statistically significant influence of the factor
delay (χ2(1) = 10.78, punc = .001,W = 0.36), but not the factor
malfunction (χ2(2) = 4.07, punc = .131,W = 0.07) Interest-
ingly, the ELL during pickup was only significantly influenced
by the factor malfunction (χ2(2) = 15.20, punc < .001,W =

0.25) and not delay (χ2(1) = 1.20, punc = .273,W = .04).
The Friedman ANOVAs for the NOF during Grasp yielded a
significant influence of the factor delay on the number of hand
(χ2(1) = 19.2, punc < 0.001,W = 0.64) and object fixations
(χ2(1) = 8.53, punc = .003,W = 0.28). In contrast, the factor
malfunction had no significant influence on the number of
hand (χ2(2) = 2.64, punc = .267,W = 0.04) and object fixations
(χ2(2) = 1.69, punc = .430,W = 0.03).

Preliminary analysis indicated that other phases of ROI
fixations, EAL, ELL, NOF, and TLS were not affected by
the experimental conditions. Given the lack of variation in
these variables, they were not included in subsequent statistical
analyses.

TABLE I
CORRELATION TABLE BETWEEN FIXATION PERCENT DURING

TRANSPORT AND PSYCHOMETRIC SCORES

Furthermore, the relationship between the ROI fixations
during transport and subjective scores was investigated. Due
to the large differences in fixation depending on the move-
ment and participant, the ROI data were further processed
as described in Section III-D. Although the ROI fixations
were robust-z transformed to account for the high variance
between participants and movements, there is still only a weak
correlation found with the subjective scores, see Table I.

V. DISCUSSION

This study primarily investigates the effects of control
manipulations, artificial malfunctions, and delays on owner-
ship, agency, trust, and gaze behavior in a fully immersive
prosthesis environment simulated using MuJoCo within VR.
Our results confirmed that both malfunctions and delays have
significant effects on psychometric measurements and visuo-
motor behavior.

.A. Pasta Box Task Results
Trends in semi-success, phase durations, and gaze indicated

that the environment supported systematic and repeatable
measurement. However, the number of executed malfunc-
tions varied across conditions because scheduled events could
be skipped when movements terminated early (Figure 2A).
Semi-success differed across conditions (Figure 2B) and
might have diverged further had all scheduled malfunctions
been executed, although participants sometimes recovered
via compensatory movements. Nonetheless, malfunctions still
reduced controllability irrespective of the final outcome.
A learning trend was visible over the ca. 90 min protocol
(Figure 2C-D). Discomfort increased slightly but with high
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variability, suggesting minimal and inconsistent physical strain
or VR-related discomfort. Grasp duration was affected by
delay but not malfunction (Figure 2F), consistent with the
imposed latency, whereas Transport duration was affected
by malfunction, plausibly reflecting corrective or hesitant
behavior under reduced reliability. Unlike in [79], EAL/ELL
at pickup were determined based on the start of Transport and
at drop-off based on the end of Transport, meaning that the
values are not directly comparable.

.B. Ownership, Agency and Trust

Both delay and malfunction significantly reduced owner-
ship, agency, and trust compared to the baseline condition.
Malfunction had a similar effect on ownership, agency, and
trust. Agency was the only measure influenced to a similar
extent by both factors, whereas ownership and trust were more
strongly affected by malfunction. Compared to the findings
reported in previous works investigating avatar and modified
avatar embodiment, our ownership and agency scores showed
a close alignment [80]. Specifically, the mean and standard
deviation observed in our study fall within the same range,
suggesting consistency and comparability despite differences
in sample composition and virtual body. Compared to another
work investigating the effect of latency on ownership and
agency, we found smaller effect sizes [68].

The smaller delay-related effect sizes compared to [68] may
stem from our higher baseline control latency. In prosthetics,
controller delay is often reported as EMG-to-movement-onset
latency, with delays below ∼100–200 ms generally tolerated
and performance degradation with increasing values [81]. In
immersive VR with full-body avatars, ownership and agency
begin to decline at delays above ∼125 ms and deteriorate
further beyond ∼300 ms [41], [81], whereas in a hand illusion,
the critical window below ∼200 ms and no illusion at 590 ms
were observed [42]. Within this broader context, our measured
total control delays (ca. 445 ms baseline and ca. 745 ms with
added delay) may appear large relative to the values cited
above. In our position-control pipeline, the reported delays
quantify latency until the prosthesis reaches a new target
position, not merely movement onset, and include strong
smoothing required for stable (non-jittery) position commands.
Alternative pipelines with lower delay could be achieved
by using a different filter type (e.g., adaptive filters) and
controllers that are more robust to input noise (e.g., velocity
control). It remains unclear how the position control paradigm
influences the user’s perceived delay. However, perceived
sensorimotor delay is likely shorter because EMG precedes
force/movement onset by 30–100 ms [69], and isometric con-
tractions reduce mechanical travel time. Finally, only distal
DOFs (hand/wrist) were delayed, while first-person viewpoint
and forearm tracking remained fully synchronized.

Similar to [68], delay influenced both ownership and
agency, which is plausibly explained by their strong correlation
reported in prior embodiment work. The more substantial
effect of delay on agency suggests that sustained sensori-
motor incongruence primarily diminishes a user’s sense of
control, whereas the unpredictability of malfunctions disrupts

ownership, agency, and trust to a more comparable extent.
Trust followed a similar degradation pattern to agency and
ownership and showed significant influences of both delay
and malfunction, consistent with expectations from robotic
automation literature that changes in control reliability shape
trust levels [9], [10], [14].

We further note that ownership in our setup was supported
through multiple pathways: (1) visuo-motor synchrony estab-
lished through the continuous Shadow Hand forearm control,
(2) visuo-proprioceptive synchrony arising from muscle force
cues during isometric contractions, and (3) consistent first-
person visual alignment between the virtual and physical
forearm. While visuo-tactile feedback was absent by design,
cutaneous pressure from finger contact with the orthosis pro-
vided additional force-related input. We acknowledge that this
limits transferability to people with transradial amputation.

.C. Gaze Behavior and Correlations

The eye-tracking results confirmed that manipulating the
myocontrol significantly altered visual attention patterns.
Delay significantly increased fixation on the prosthetic hand,
whereas malfunction increased fixation to both the prosthetic
hand and object during transport, aligning with prior findings
by Cheng et al. [23] and Chadwell et al. [47], indicating
a visual compensatory behavior in response to the reduced
system predictability or functionality. Interestingly, the other
significant fixation features, i.e., EAL, ELL, NOF, and TLS,
were either significantly influenced by either delay or malfunc-
tion. Similar to the phase duration, the EAL during pickup
was significantly influenced by the delay. This again could
be due to the actual delay in the grasping represented in
this difference. Additionally, delay had a significant influence
on the NOF on the hand (Figure 5C) and object, while
malfunction did not. Interestingly, in [47], the number of
gaze switches was correlated with undesired activation and
electromechanical delay, of which only the latter could be
found in our study. On the other hand, both ELL during pickup
(Figure 5B) and TLS in the transport phase (Figure 5D) were
only significantly influenced by the factor malfunction. This
suggests that some of the time-dependent visual-motor features
during Grasp, such as EAL at pickup (longer grasping results
in longer EAL) and NOF (longer grasping results in a higher
NOF), simply represented the induced delay. Whereas, features
which are based on fixations during Transport, such as the
fixation percent, ELL at pickup, and TLS, are influenced by
the factor malfunctions, or both factors.

While correlations between ROI fixations and subjective
scores were statistically significant, they were quite weak
(ρ ≈ −0.2) in strength. This could be, among other factors, due
to the high variability between participants visible in Figure 4.
Nevertheless, in conditions where participants looked more at
the prosthesis or object, they felt less ownership, agency, and
trust.

A limitation is that gaze strategies in controller-mediated
VR can differ from real-world interaction [79]. Potentially,
this is due to the lack of haptic feedback. However, reduced
haptic feedback in VR may partially resemble prosthesis-use
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constraints [27]. Future work should directly replicate key
conditions with users with limb loss to quantify the validity.

.D. VR Environment and Dataset
We developed a physics-based, fully immersive VR pros-

thesis simulation (Unity with MuJoCo) with integrated eye
tracking that enables controlled manipulation of delay and
malfunction parameters while capturing synchronized psycho-
metric, gaze, and task-performance responses. While previous
research suggests that a high level of realism inside VR
leads to better skill transfer in a real prosthesis setting [49],
[50], [52], [53], [54], the comparability of psychometric
scores between VR and real-world prosthesis use remains
to be validated. Our contribution extends earlier prosthesis
simulations using MuJoCo [56], [57] by embedding it into a
task-oriented VR setup (PBT) with simultaneous eye tracking
and subjective measurement, enabling reproducible reliability
manipulations. To support replication and follow-up work, the
VR environment, analysis code, and dataset are made openly
available. The accompanying multimodal dataset (EMG, kine-
matics, gaze) can further be used to study signatures of
control breakdowns and to develop detection methods that
could trigger model updates or shared-autonomy interventions
during myoelectric control.

.E. Limitations
The study presents several limitations. First, the artificial

malfunction implementation, although randomized in timing
and behavior, only led to malfunctions in HOC and did not
simulate errors in WFE. Second, although great care was
taken to ensure malfunctions appeared natural, their perceived
realism was not directly assessed. In our study, we utilized the
robotic Shadow Hand, which is not an actual prosthetic hand.
Future VR studies should consider using MuJoCo models of
actual prostheses to allow for a closer comparison. Further-
more, while the MuJoCo plugin provided a highly realistic
interaction, it still lacks the haptic and sensory fidelity of phys-
ical prosthetic use, limiting the transferability of our findings.
Additionally, the impact of EAL/ELL at drop-off and TLS
may have been diminished due to the limited size of the target
locations and interaction with the gaze raycast. This requires
methodological refinement in the next development iteration.
Furthermore, the color-coding of prosthesis conditions in our
study (to simulate a new prosthesis each time) aimed to disrupt
carry-over trust biases, but it is unclear to what extent this
worked.

Our interpretation of ownership outcomes remains cautious,
acknowledging the current validation scope of the VEQ and
the need for future studies incorporating ownership-specific
manipulations, such as visuo-tactile mismatches. However,
alternative validated instruments for measuring embodiment
are limited [37], and the VEQ has gained broad acceptance
in the VR and HRI communities [82], [83]. Recent appli-
cations have demonstrated its responsiveness to visuo-tactile
synchrony (e.g., [75]).

Finally, our design aimed to take a step towards approx-
imating characteristics of a transradial amputation using an

orthosis for wrist and finger immobilization, i.e., isometric
contractions. However, the presence of cutaneous feedback,
particularly from finger pressure on the orthosis, as well
as many other confounding factors, limits direct translation.
Additionally, Zbinden et al. [39] caution that embodiment
paradigms developed for non-disabled individuals may have
limited validity for people with amputation due to differences
in sensory input and body representation. Furthermore, it
is unclear to what extent results from virtual HRI studies
compare to real-world scenarios [84]. Future studies should
investigate embodiment and gaze responses in and outside VR
among participants who have undergone transradial amputa-
tion to further assess clinical generalizability.

VI. CONCLUSION

This study investigated the effects of induced delays and
artificial malfunctions on ownership, agency, trust, and gaze
behavior in a fully immersive prosthesis simulation. By manip-
ulating delay and malfunction levels across six conditions, we
found that higher malfunction severity consistently reduced
ownership, agency, and trust, while added latency primarily
diminished agency more than the other psychometric mea-
surements. The largest declines in all three measures occurred
under high malfunction combined with delay, whereas the no-
delay, no-malfunction (ND-NM) condition yielded the highest
scores. Trust, as expected, dropped with malfunction and
delay, supporting its role as a user-centered measure of system
reliability. Importantly, our eye-tracking analysis complements
these subjective findings with objective, task-embedded indi-
cators of how participants adapt their visual monitoring under
reduced control reliability. The factors impacted different
eye-tracking metrics like hand and object fixation percent,
number of fixations, eye-arrival latency, eye-leaving latency,
and target-locking strategy separately, highlighting the trans-
lational potential of gaze-based measures for future prosthesis
evaluation.

To conduct this experiment, we developed a VR envi-
ronment that enables controlled manipulation of prosthesis
behavior while capturing detailed gaze and performance data.
This environment will be made openly available to support
further research. The dataset collected, including sEMG, kine-
matic, and gaze signals, offers opportunities for investigating
automatic detection of control issues and informing adaptive
or shared-autonomy myocontrol strategies.
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