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Vibrotactile Phantom Sensations in Haptic Wrist Rotation Guidance

Niklas Schifer ™, Julian Seiler

and Philipp Beckerle

Abstract—Haptic motion guidance has the potential to advance assistive
technologies that support humans in movement tasks. This study system-
atically evaluates wrist rotation guidance methods in a 2 X 2 repeated
measures design using a wearable vibrotactile feedback device. In two tasks,
we investigate the benefits of encoding the current target distance in the cue
strength and conveying additional information about the target location
by incorporating a tactile illusion known as phantom sensation. For a
directional response task, we analyze reaction times and error rates, and for
an angle targeting task, we examine rise time, settling time, and maximum
overshoot of the normalized step responses. These objective criteria are
complemented by subjective user ratings that assess the intuitiveness and
ease of interpreting the vibrotactile cues. Feedback methods incorporating
an adaptive amplitude perform significantly better in the angle targeting
task compared to those using a constant amplitude. Additional improve-
ments can be achieved by combining the adaptive amplitude with phantom
sensations, including an average additional 24.3% reduction in rise time.
Furthermore, more than half of the participants rate this combination as
their favorite method. Altogether, the results underline the potential of in-
corporating phantom sensations in vibrotactile wrist guidance, thereby con-
tributing to the advancement of wearable haptics in assistive applications.

Index Terms—Wearable haptics, vibrotactile, motion guidance, forearm,
tactile illusion, human-machine interaction.

1. INTRODUCTION

Motion guidance provides human users with information about how
to move their body, which can be useful in application areas such as
learning and refining motor skills, assistive technologies, and human-
robot interaction. The necessary information can be provided by sensory
feedback of different modalities, including visual [1], auditory [2], and
haptic [3], [4] stimuli. Haptic feedback can be particularly helpful to
provide additional information when the other channels are already in
use [5]. The versatile applicability of haptic guidance has been demon-
strated in a wide spectrum of applications. For instance, haptic guidance
for learning and training motions includes rehabilitation [6] and med-
ical procedures, such as needle insertion [7]. Furthermore, assistive
technologies incorporating haptic information can provide sensory
substitution as well as sensory augmentation [8], e.g., guiding reaching
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Fig.1.  Vibrotactile wrist rotation guidance. The wearable haptic device applies
vibrotactile cues to communicate the desired wrist rotation A6 to the human user.

movements of visually impaired [9] as well as unimpaired [10] users
or enhancing ergonomics by providing postural feedback [11], [12].

Humans solve many of their tasks using their upper limbs. Conse-
quently, guiding the hand in 3D space, which includes position as well
as orientation, seems particularly useful to assist in various activities.
However, haptic feedback to support manual tasks does not necessarily
need to be applied directly to the hand. Instead, the haptic information
can also be conveyed at the wrist or forearm [13], keeping the hands
themselves free for more natural interactions. Several studies have
demonstrated the potential of vibrotactile cues for positional wrist
guidance in 2D [14], [15] and 3D [10], [16], and investigated the
effectiveness of different feedback strategies, such as indicating the
desired movement direction either by “push” or “pull” mappings [14],
[16], providing only corrective feedback [15], and presenting vibrotac-
tile cues in different spatial reference frames [17]. While most haptic
wrist guidance studies focused on positional guidance, Stanley and
Kuchenbecker [18] investigated wrist rotation guidance, focusing on
supination and pronation. In three different tasks, they compared five
different wearable haptic devices as well as two feedback strategies,
i.e., the way the devices were controlled to convey the guidance
information, resulting in ten different device-strategy combinations.
Their results underlined that the optimal device-strategy combination
depends on the specific task. However, relatively simple vibrotactile
feedback, using only two actuators to indicate the direction of wrist
rotation through a steady vibration with an amplitude proportional to the
current target distance, yielded good results across all tasks investigated.
Furthermore, the same devices exhibited significantly different perfor-
mance depending on the feedback strategy implemented, emphasizing
the importance of appropriate feedback methods for haptic wrist
guidance.
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Fig. 2. Haptic feedback and experimental setup. (a) Four feedback methods for haptic guidance of the wrist orientation 6 are tested, which are combinations

of two different amplitude settings and whether or not phantom sensations are incorporated to indicate the exact location of the target angle. The amplitude is
either independent (constant) or proportional (adaptive) to the current target distance Af. Phantom sensations are generated by simultaneously activating two
adjacent linear resonant actuators (LRAs), which is perceived as a single vibration between them. (b) The vibrotactile feedback device comprises four LRAs, which
are arranged equidistantly around the forearm circumference. (c) In the haptic wrist guidance experimental setup, the participant conducts two tasks (directional
response, angle targeting) for each of the four feedback methods. The wearable vibrotactile feedback device (red circle) provides guidance cues, while the wrist

angle is measured using a tabletop device.

Wearable devices for vibrotactile feedback at the forearm often
take the form of armbands or bracelets with a number of vibrotactile
actuators arranged around the arm circumference [19], [20], [21], [22].
While high-density feedback is assumed to feel more natural, the
number of actuators is often limited by hardware constraints [23]. The
spatial resolution of vibrotactile feedback devices can be increased by
control algorithms making use of tactile illusions [24]. In particular,
vibrotactile phantom sensations can be used to increase the spatial
resolution of vibrotactile cues around the arm circumference gener-
ated by a limited number of actuators [14], [25], which has already
been applied for 2D wrist position guidance [14]. However, making
use of vibrotactile phantom sensations in wrist rotation guidance has
not yet been systematically investigated to the best of the authors’
knowledge.

In this paper, we evaluate different vibrotactile feedback methods for
wrist rotation guidance (Fig. 1). In particular, we investigate the effects
of modulating the cue strength and leveraging an increased spatial
resolution making use of phantom sensations. For this purpose, we
design a user study inspired by Stanley and Kuchenbecker’s systematic
evaluation of different haptic devices for wrist rotation guidance [18].
Our study evaluates the performance of four different feedback methods
in a directional task and an angle targeting task, thereby contributing
to the advancement of vibrotactile wrist guidance technologies.

II. METHODS

We investigate feedback methods for haptic wrist guidanceina?2 x 2
repeated measures design, varying the amplitude approach (constant
versus adaptive) and whether phantom sensations are incorporated or
not (Fig. 2(a)). The combination of these two independent variables
with two levels each results in four feedback methods. Each of these
four conditions is tested in two tasks, in which the participants need to
identify target directions and orientations, respectively, and rotate their
wrist accordingly.

A. Vibrotactile Device and Feedback Methods

The vibrotactile feedback device used in this study (Fig. 2(b))
is a further development of our demonstrator presented in previous

work [25]. We use a custom printed circuit board to reduce the
weight and size, which is particularly important in dynamic use cases
such as movement tasks. The main components are a microcontroller
module (ESP WROOM-32E, Espressif, Shanghai, China) and haptic
drivers (DRV2605L, Texas Instruments, Dallas, TX, USA) to control
the four linear resonant actuators (VG1036002D, Vybronics, Wanchai,
Hong Kong, China). We implement four feedback methods for haptic
wrist guidance based on the combination of the two factors amplitude
type and phantom sensation usage (Fig. 2(a)). The strength of the
vibrotactile cue can be set to be either constant or adaptive, i.e., linearly
proportional to the current distance to the target. When no phantom
sensation is used, only actuators 1 and 4 are used to indicate the
direction of the target. In contrast, the feedback methods making use
of phantom sensations can activate two actuators simultaneously to
simulate a virtual actuator in between [26], indicating not only the
direction but the specific location of the target. We use the following
acronyms for the four feedback methods: CnP (constant amplitude, no
phantom sensation), AnP (adaptive amplitude, no phantom sensation),
CwP (constant amplitude, with phantom sensation), and AwP (adaptive
amplitude, with phantom sensation). In particular, the method AnP
corresponds to the device-algorithm combination “vibration steady”
used in the study by Stanley and Kuchenbecker [18]. Further details on
the implementation of phantom sensations in our vibrotactile interface,
which uses the energy model proposed by Israr and Poupyrev [26], can
be found in our previous work [25].

B. Wrist Rotation Guidance Experiment

1) Experimental Setup: In our experimental setup (Fig. 2(c)),
participants sat in front of a monitor with the right elbow lying on an
armrest, holding the end-effector of a haptic device (omega.7, Force
Dimension, Nyon, Switzerland) with a passive rotational degree of
freedom for wrist angle measurement. Note that this device was used
for measurement purposes only, which means it behaved completely
passive over the whole experiment. We defined the vertical orientation
of the handle as the initial wrist orientation. Before the experiment,
participants tested their range of motion (supination/pronation) and
the device’s end-effector was fixed at a comfortable position. The
vibrotactile feedback device was worn on the right forearm, irrespective
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TABLE I
QUESTIONNAIRE ITEMS

Item Visual analog scale labels

Using the device was. ..
not intuitive at all very intuitive
Discerning the directions was. ..
very difficult ——————————— very easy
Locating the target angles was. ..
very difficult —————————— very easy

Intuitiveness

Direction

Location

of the participant’s dominant hand. The device was positioned at about
one-third of the forearm length, measured from the wrist, with the
circumference of the device being aligned to ensure a tight fit without
causing discomfort. Although our vibrotactile feedback device offers
wireless connectivity, we used a wired serial communication in this
experiment to reduce delays. A visual shielding prevented participants
from seeing their right arm during the experiment, and they were
wearing headphones playing pink noise to cover acoustic cues from
the device and avoid potential distractions. The experimental procedure
was implemented on a PC using Qt (5.12.9, Qt Group, Espoo, Finland),
with the software running at a rate of 1 kHz. The monitor showed a
simple graphical user interface, which informed the participants about
the current status of the experiment.

2) PFarticipants and Experimental Procedure: Twelve partic-
ipants (two female and ten male, eleven right-handed and one left-
handed, age 23.3 £ 2.3 years) took part in this study. The study
received a positive vote from the Ethics Committee of Technische Uni-
versitdt Darmstadt (EK 04/2022) and the participants provided written
informed consent. Each participant tested all four feedback methods in
two different tasks, corresponding to the directional response task and
the angle targeting task in the study by Stanley and Kuchenbecker [18].
For each feedback method, the participants started with the directional
response task before conducting the more complex angle targeting task,
with each task comprising two sets of trials. Before the actual test set,
participants performed a practice set with half the number of trials,
which served for gaining intuition of how to respond to the tactile
stimuli, as we did not provide any explanation of how the device and
the feedback methods worked. After the completion of each condition
the participants were presented with a questionnaire (Table I) inspired
by [18] to rate the intuitiveness as well as the distinguishability of
direction and location, respectively. Responses were collected using
visual analog scales implemented as unnumbered sliders with a length
of 10 cm and labeled endpoints (Table I), where the indicated position
was normalized to a value from O to 100. After completing the final
condition, participants were additionally asked to name the feedback
method that they liked best overall, while still being unaware of the
implementation details. The order of conditions was counterbalanced
across participants using a Latin square [27].

3) Directional Response Task: In the directional response task,
the vibrotactile stimulus indicated a direction in which the wrist was
supposed to be rotated (supination/pronation). Starting from the initial
wrist orientation, the goal was to quickly rotate the wrist in the direction
that was indicated by the vibrotactile cue after a random delay ranging
from 1 to 3 s. The vibrotactile cue stopped as soon as a wrist rotation of
45° in the respective direction was reached, and the participant initiated
the next trial by returning to the initial wrist orientation and staying
there for 3 s. For conditions making use of phantom sensations, the
vibrotactile cues were placed at +90° instead, as £45° coincide with
the locations of actuators 1 and 4. For conditions using the adaptive
amplitude, the initial cue strength was equal to the strength used in the
constant amplitude conditions, which was about 50% of the actuator
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TABLE II
PERFORMANCE CHARACTERISTICS

Task Characteristics

Directional response
Angle targeting

Reaction time, initial direction accuracy, error rate
Rise time, settling time, maximum overshoot

maximum. Each test set of the directional task consisted of 12 trials,
with six trials for each direction in randomized order. Participants
were instructed that the indicated directions were randomized, but they
were not informed about the equal number of trials for each direction.
Furthermore, they were instructed that moving in the right direction
was more important than speed to avoid anticipatory behavior.

4) Angle Targeting Task: In the angle targeting task, the vibrotac-
tile cues indicated eight specific target angles (+£22.5°, £45°, +67.5°,
490°) to which the participants were asked to rotate their wrist. As
in the directional response task, the participant started from the initial
wrist orientation and the vibrotactile cue started after a random delay
ranging from 1 to 3 s. The vibration stopped as soon as a tolerance band
of +7.5° around the target angle was reached, and the participant needed
to keep the wrist within the tolerance band for 1 s to finish the trial [18].
If the tolerance band was left early, i.e., before the 1 s had elapsed, the
vibration started again and the trial continued. After trial completion,
the participant initiated the next trial as in the directional response task
by returning to the initial wrist orientation. For the conditions using
a constant amplitude, the cue strength was set to about 50% of the
actuator maximum. The slope of the adaptive amplitude was chosen so
that the cue strength was 25% of the actuator maximum at the edge of the
tolerance band and 100% at a target distance of 90°. During individual
trials, the phantom sensation cue remained at the same location on the
skin. Each target angle was tested twice, resulting an a total number
of 16 trials per test set, which were presented in a randomized order.
Participants were not informed about the specific target angles and were
instructed to reach the randomly-selected targets as fast as possible, with
an emphasis on a direct path to avoid random search behavior.

C. Data Analysis and Statistics

We analyze the same characteristics as in Stanley and Kuchen-
becker’s study [18] to ensure comparability (Table II). For the direc-
tional response data, we calculate the reaction time, which is defined
as the duration from the start of the vibrotactile cue to the first angular
deviation from the initial wrist orientation by more than 1°. We calculate
the median reaction time and the interquartile range (IQR) of the
reaction times for each participant. In addition, we determine the initial
direction accuracy, i.e., the rate of trials in which the wrist is initially
moved in the right direction, and the error rate, i.e., the percentage of
trials in which the participant crossed the 45° threshold on the wrong
side. For the angle targeting task, we normalize the step responses by
the respective target angle. We extract the characteristics rise time,
settling time, and maximum overshoot, and calculate the median of
these characteristics for each participant. The rise time is defined as the
duration from 0.1 to 0.9 of the normalized step response or from 0.1
to the beginning of the tolerance band, where the vibration stopped,
depending on which value is reached earlier. The settling time is the
duration from the start of the vibrotactile cue until the participant finally
reached the tolerance band. The maximum overshoot is the furthest
position beyond the target angle.

We analyze the calculated characteristics using a two-way repeated
measures analysis of variance (ANOVA) with the fixed effects of
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Fig. 3. Directional responses by one participant. Reaction time is measured

from the start of the vibrotactile cue at 0 s to the first deviation by more than 1° in
either direction. Both movement directions are illustrated using the positive axis
for the target direction, and movements in the opposite direction are truncated.

incorporating an adaptive amplitude and making use of phantom sen-
sations, a first-order interaction, and the participant as random effect.
The normality assumption is checked using the Shapiro-Wilk test and
Q-Q plots [28]. Since reaction time data is usually not normally dis-
tributed, we transform the reaction time, rise time, and settling time
data using the decadic logarithm [29] before conducting the ANOVA.
Pairwise comparisons are performed using two-sided paired samples
t-tests with the Bonferroni correction for multiple comparisons. Un-
less otherwise stated, averaging is done by calculating the mean and
uncertainties are indicated by the standard deviation.

III. RESULTS

Figs. 3 and 4 show the directional responses and the normalized step
responses of an exemplary participant, illustrating the data from which
the performance characteristics analyzed in the following sections were
derived.

A. Directional Response

The reaction time metrics do not significantly differ across condi-
tions (Fig. 5). The reaction time medians of the individual participants
range from 325 to 534 ms (381 £ 56 ms), while the individual IQRs
range from 51 to 146 ms (88 + 25 ms). The initial direction accuracies
are similar for all conditions ranging from 91.7 to 95.1%, and the error
rates are all below 2.1%.

B. Angle Targeting

The rise time differs across feedback methods, as the ANOVA reveals
significant effects of both the type of amplitude and the use of phantom
sensations, but no significant interaction (Table III). Averaging the rise
time medians of the individual participants results in means of 0.96 s,
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Fig. 5. Directional response characteristics. Reaction time (a) medians and
(b) interquartile ranges (IQRs) of the individual participants are similar for
all feedback methods. The four feedback methods are combinations of the
two factors amplitude type and phantom sensation usage, denoted as constant
amplitude (C), adaptive amplitude (A), no phantom sensation (nP), and with
phantom sensation (wP).

0.83 s, 0.8 s, and 0.64 s for the methods CnP, AnP, CwP, and AwP,
respectively (Fig. 6(a)).

For the settling time, the ANOVA indicates a significant effect of
the amplitude type, while incorporating phantom sensations and the
interaction are non-significant (Table III). In particular, the pairwise
comparison of the conditions CwP and AwP exhibits a significant
difference (p = 0.007). The averages of the individual settling time
medians are 1.74 s, 1.58 s, 1.75 s, and 1.43 s for the methods CnP, AnP,
CwP, and AwP, respectively (Fig. 6(b)).

The observed maximum overshoot values are found to be non-
normally distributed. Therefore, we refrain from conducting an
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Fig. 6. Angle targeting characteristics. (a) Rise time, (b) settling time, and (c) maximum overshoot for each feedback method. The four feedback methods are

combinations of the two factors amplitude type and phantom sensation usage, denoted as constant amplitude (C), adaptive amplitude (A), no phantom sensation (nP),
and with phantom sensation (wP). Double asterisks denote statistical significance with p < 0.01 (paired samples 7-test).

TABLE III
ANOVA RESULTS OF ANGLE TARGETING TASK

Characteristic Factor F(,11) p nf,
Amplitude 5.121 0.045 0.318
Rise time PS 7.339 0.020  0.400
Interaction 0.198 0.665 0.018
Amplitude 7.966 0.017  0.420
Settling time PS 0.048 0.830  0.004
Interaction 1.852 0.201  0.144

PS: phantom sensation

ANOVA and descriptively analyze the data instead. The average max-
imum overshoot medians are 7.1%, 3.1%, 7.9%, and 4.1% for CnP,
AnP, CwP, and AwP, respectively (Fig. 6(c)). For target angles +22.5°,
overshoot was observed in 83.9% of all cases, while for the target
angles £45°, £67.5°, and £90° participants exceeded the tolerance
band around the target angle in 65.6%, 58.9%, and 44.3% of all cases,
respectively.

Participants initially moved in the correct direction in 91.3% of all
trials, with initial direction accuracies of 91.7%, 94.3%, 87.5%, and
91.7% for the feedback methods CnP, AnP, CwP, and AwP, respectively.
However, a notably larger number of incorrect initial movements can be
observed for the target angles +22.5°, with 33 occurrences, compared
to the other three target distances that lead to 10 to 13 initial direction
errors. Ten of the 33 erroneous initial directions for the target angles
422.5° occurred without the use of phantom sensations, while 23
occurred when making use of phantom sensations.

C. Subjective Ratings

The ANOVA results of the subjective ratings are given in Table IV.
The ratings of intuitiveness exhibit a notably larger range and a lower
median for CwP, while the ratings for the other three methods are simi-
lar (Fig. 7(a)). In particular, pairwise comparisons exhibit a significant
difference between CwP and AwP (p = 0.039). Directional distin-
guishability ratings are in similar ranges for all four methods, while
the medians tend to be slightly lower for the methods using phantom
sensations (Fig. 7(b)). The ratings of distinguishability of location are
lower for CwP compared to the other three methods (Fig. 7(c)), with
statistically significant differences compared to CnP (p = 0.026) and
AnP (p = 0.049). When being asked to select their favorite feedback
method, only two participants selected more than one method, naming
two each. AwP is rated as favorite in 50% of all selections, followed by
AnP, CnP, and CwP with 28.6%, 14.3%, and 7.1%, respectively.

TABLE IV
ANOVA RESULTS OF SUBJECTIVE RATINGS

Characteristic Factor F(,11) P 7712)
Amplitude 6.941 0.023  0.387
Intuitiveness PS 0.848 0.377  0.072
Interaction 3.434 0.091 0.238
. - Amplitude 0.078 0.785  0.007

D

e PS 5027 0.047 0314
WeClon  Interaction  0.019  0.892  0.002
Amplitude 3.308 0.096  0.231
Locating PS 8.855 0.013  0.446
Interaction 2.090 0.176  0.160

PS: phantom sensation

IV. DISCUSSION

A. Directional Response

All observed reaction times are larger than 120 ms, which is above
the minimum physiologically plausible value (100 ms) based on the
time required for stimulus perception and motor response [29]. Further-
more, the reaction time medians are consistent with the results reported
for the steady vibration feedback by Stanley and Kuchenbecker [18],
where medians range from about 400 to 680 ms, with a tendency of
slightly shorter reaction times in our experiment (325 to 534 ms).
Another study investigating vibrotactile guidance of elbow flexion and
extension observed reaction times of 379 4 62 ms [30], which closely
aligns with our results (381 + 56 ms). The reaction time IQRs fall into
the range observed in [18] and demonstrate consistency across trials.
While there are a few trials where participants corrected their movement
after initially moving into the wrong direction, participants correctly
initialized their movement in 93% of all trials, which is consistent
with the observations in [30] and underlines that the direction cues
can be reliably detected. The absence of statistically significant differ-
ences across the feedback methods appears plausible, as the adaptive
amplitude and the phantom sensation convey additional information
regarding the target location, which might not be crucial for the decision
in which direction to move.

B. Angle Targeting

The significant reductions in rise time observed when incorporating
an adaptive amplitude and making use of phantom sensations under-
line that both effectively convey information about target location,
allowing participants to move faster. While the feedback method based
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Fig. 7. Subjective ratings. (a) Level of intuitiveness and ease of (b) discerning directions and (c) locating targets are rated for each feedback method. The four

feedback methods are combinations of the two factors amplitude type and phantom sensation usage, denoted as constant amplitude (C), adaptive amplitude (A),
no phantom sensation (nP), and with phantom sensation (wP). Single asterisks denote statistical significance with p < 0.05 (paired samples z-test).

on an adaptive amplitude alone encodes the information about the
target location using a combination of direction (actuator location)
and distance (actuator amplitude), the method making use of phantom
sensations in combination with an adaptive amplitude communicates
the target location directly (phantom sensation location). The rise time
medians observed for AnP in our study are comparable to the medians
observed by Stanley and Kuchenbecker [18] for the feedback “vibration
steady”, which was among the device-algorithm combinations with the
smallest rise times in their study. Additionally incorporating phantom
sensations further reduces the rise time (median reduction 24.3%). It is
possible that participants became faster due to the added redundancy,
which may have benefited information transfer [31]. Compared to the
baseline CnP, the reduction achieved when using an adaptive amplitude
in combination with phantom sensations is in the same order of magni-
tude as the reaction times observed in the directional task, which may
be particularly beneficial in time-critical tasks.

The significant reduction in the settling time median when using an
adaptive amplitude, is consistent with the performance observed for
the rise time. In contrast, incorporating phantom sensations shows no
clear effect, which can be explained by the opposite tendencies in CwP
and AwP. Still, method AwP exhibits the smallest settling times, thus, it
appears plausible that making use of phantom sensations in combination
with an adaptive amplitude can result in a further reduction compared
to using an adaptive amplitude alone.

The results indicate that methods using an adaptive amplitude are less
prone to overshoot than methods using a constant amplitude, which we
expected since the adaptive amplitude encodes the current distance to
the target angle. While the quantitative amount of overshoot may be
affected by the chosen tolerance band width, the observed tendencies
are expected to be consistent since the same width was used across
all conditions. The notably increased occurrence of overshoot for the
smallest target distance is plausible as the targets are close to the initial
wrist orientation, which requires stopping already shortly after initiating
the wrist rotation.

Although previous studies have found the average error in locating
vibrotactile stimuli around the forearm circumference to be less than
10° [14], [25], our results imply difficulties in discerning the two target
angles right next to the initial wrist orientation, in particular for the
feedback methods using phantom sensations. We assume this is due the
fact that inducing a phantom sensation at £22.5° involves one actuator
on each side of the forearm, i.e, actuators 1 and 4, which might have
negatively impacted the participants’ accuracy in locating these stimuli.
As both of the involved actuators are placed in proximity of the radial
bone (Fig. 2(a)), structure-borne propagation of the vibrations might
have resulted in more diffuse vibrotactile stimuli [32], making a precise

locating more difficult. Since these difficulties are more prevalent with
the method CwP, where even small target distances are indicated at
full strength, the effect appears to be more pronounced at stronger
vibrations. Furthermore, slight misalignment of the vibrotactile device
might have contributed to perceiving the stimulus on the wrong side of
the forearm.

C. Subjective Ratings

The lower ratings of CwP, in particular for intuitiveness and distin-
guishability of location, are consistent with the reduced performance
observed in the angle targeting task. The similar ratings for the dis-
tinguishability of direction correspond to the performance in the di-
rectional task, where no significant differences in reaction time appear.
The tendency of a slightly lower median for the methods using phantom
sensations may be explained by the observed difficulties for the target
angles £22.5°. These difficulties are also reflected by comments of
multiple participants who reported they found it difficult to discern the
target angles next to the initial wrist orientation. Nevertheless, more
than half of the participants chose AwP as their favorite feedback
method, which indicates that this potential drawback is outweighed
by the benefits of combining an adaptive amplitude with vibrotactile
phantom sensations.

V. CONCLUSION

In this study, we systematically evaluated feedback methods for
vibrotactile wrist rotation guidance. While there were no significant
performance differences across feedback methods in the directional
response task, encoding the target distance in the stimulus strength
proves to be beneficial with respect to all investigated performance
metrics and appears particularly important to avoid excessive overshoot.
Communicating target locations in a more differentiated way using
the vibrotactile phantom sensations, in particular when combined with
an adaptive amplitude, can further improve the performance. While it
appears that the phantom sensation implementation can be improved
for small target distances, still more than half of the participants chose
the feedback method making use of an adaptive amplitude and phantom
sensations as their overall favorite method. This underlines that incorpo-
rating phantom sensations not only leads to performance improvements
but also to an enhanced user experience. Further improvements to
the control algorithm may involve dynamically adjusting the phantom
sensation cue location in real-time to maintain its alignment in the
world reference frame and exploring alternative nonlinear mappings
between target distance and cue strength. Future work may also test the
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vibrotactile wrist rotation guidance in application-oriented scenarios
and in combination with wrist position guidance, where it may be
particularly interesting to evaluate the user’s cognitive load under dif-
ferent feedback methods. Altogether, the results of this study contribute
to the advancement of vibrotactile wrist guidance, thereby promoting
the development of wearable devices for haptic guidance in assistive
scenarios and human-robot interaction.
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