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Abstract
On the skin, a small distance between two actuators can result in
the perception of a single, centralized stimulus rather than two
distinct stimuli – this phenomenon is known as the funneling illu-
sion. In this work, we explore the electrotactile funneling illusion
on the forearm in a user study with 16 participants. We placed an
electrode strip with 9 electrode pairs along their forearm – from
wrist to elbow. The calibration of the same perceived intensity of
each electrode pair for each participant shows that the calibrated
intensities near the wrist are significantly higher compared to the
intensities calibrated near the elbow. A linear regression corre-
sponds to this behavior as well as the qualitative feedback of our
participants. Based on this, we created an equation that helps to
reduce the calibration time considerably. The results of our study
show that the funneling illusion can be reliably evoked at distances
of up to 7.2 cm. Further, we provide detailed information on occur-
rence frequency and precision and explored whether an approach
adapted for electrotactile feedback can create an apparent tactile
motion.
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1 Introduction
Wearable computing is a rapidly evolving field within human-
computer interaction, enabling seamless integration of small-scale
technology into daily life. Among the most commonly used wear-
ables are smartwatches, which combine a diverse array of sensors
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with impressive computational power. Their portability and conve-
nience havemade them essential for many, with their adoption rates
projected to continue to grow steadily [42]. Designed as compan-
ions to smartphones, these devices allow users to perform simple
tasks without accessing their phones, enhancing accessibility and
efficiency. However, their compact size results in limited screen
space, making it crucial to provide alternative methods of informa-
tion delivery, such as haptic feedback.

Vibration is the most commonly used form of haptic feedback,
that encodes information through variations of vibration patterns.
However, the physical size limitations of smartwatches restrict
the number and arrangement possibilities of vibration motors. To
address these challenges, sensory illusions may be used, like the
funneling illusion that causes two distinct stimuli to be perceived
as a single point located between the actual stimulus points [25, 36].
To create a funneling illusion in the middle between two actuators,
the intensities of the two stimuli must be equal. If the intensities are
not equal, the sensation will be perceived closer to the actuator with
the higher intensity. This can be used to create an apparent tactile
motion when in- and decreasing the intensities of the actuators
over time [3, 6] and enables the entire area between two actuators
to be used for haptic feedback and reduces the space required for
further actuators.

Exploiting those effects enables the design of more compact actu-
ator grids with higher perceived resolution and a less cumbersome
design. While those effects have been extensively studied using vi-
brotactile actuators (e.g. [3, 6, 8, 21, 22, 25, 27, 28, 33, 36], described
in the related work section), extending the actuator grid requires
further considerations besides the additional space required for
multiple vibration motors, which increases the size of a wearable,
like a smartwatch, considerably. The vibration motors in such a grid
should be isolated from one another using vibration-absorbent ma-
terials, so that precise localization and accurate pattern recognition
are possible [21, 22]. In addition, the energy consumption of a vibro-
tactile grid leads to a shorter battery life for wearable devices [19].
This creates challenges in improving the performance of haptic
feedback while maintaining a balance between enhanced function-
ality, the compact design, and the energy efficiency of wearable
devices.

To address these limitations of vibrotactile actuators, electro-
tactile feedback presents a promising alternative. Electrotactile
actuators create an electrical stimulation to directly activate nerve
endings in the skin, offering a more compact and energy efficient
solution [19] over traditional vibration-based systems. It allows
more localized and precise stimulation that is less diffuse than vi-
brotactile stimulation [41]. Despite these advantages, achieving
high-resolution haptic feedback still requires using sensory phe-
nomena like the funneling illusion.
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In this work, we contribute an analysis of the funneling illusion
on the forearm created by electrotactile feedback. We show the
suitability of electrotactile feedback to create the funneling illusion
and provide recommendations on where and how to create the
funneling illusion on the forearm. Speci�cally, this means that:

(1) we show the distances at which the funneling illusion can be
reliably created with electrotactile feedback;

(2) we provide information on how the calibration intensities
vary with di�erent forearm locations and how to reduce fatigue
e�ects due to calibration;

(3) we show whether it is possible to create an apparent tactile
motion with electrotactile feedback by using an approach adapted
for electrotactile feedback.

2 Related Work
Haptic feedback is a widely used modality in human-computer in-
teraction for conveying information. Traditional methods like vibro-
tactile stimulation have demonstrated robustness and e�ectiveness.
However, electrotactile stimulation has emerged as a promising
alternative, o�ering low-energy consumption and a compact form
factor, which is well-suited for integration with wearable devices.
Despite its potential, challenges remain in resolution and usability.

2.1 Electrotactile Feedback
Electrotactile feedback was explored in medical scenarios as non-
invasive sensory feedback method for prosthetic hands [43, 48],
prosthetic wrist [15] and upper-limb prostheses [39] but it has
also been explored for various non-medical applications due to its
versatility. On an electrotactile grid, di�erent texture e�ects can
be created [44]. These textures range from simple roughness [2] to
complex surface textures like paper, wood, rubber, and fabric [13,
34]. But even without a grid of multiple electrodes and using only
two electrodes, electrotactile feedback is able to create a wide range
of di�erent sensations on the skin. Duente et al. [10] analyzed the
parameter space to �nd combinations of frequency and pulse width
to create sensations like prodding, jabbing, vibrating, or itching.
Creating the latter sensation with electrotactile feedback was also
used by Pohl and Hornbæk[35] under a smartwatch to create a
more interrupting and activating feedback compared to vibration.

With multiple electrodes on a wristband, Cheng and Zhang
[7] showed in a study that the position and frequency of electro-
tactile feedback can be reliably discriminated (>94 %). Comparing
electrotactile feedback and vibration around the wrist and �nger,
electrotactile feedback can produce more localized stimuli leading
to higher recognition rates which can be useful for noti�cation
purposes [41]. Stanke et al. [40] showed that electrotactile feed-
back can be used as an appropriate private noti�cation channel
on the earlobe. They present it as a soundless and energy-e�cient
noti�cation method that allows rapid user responses with a 0 %
error rate during the studies. Further, Tanaka et al. [45] explored
the combination of an electrotactile wristband with visual feedback
in mixed reality. They provide remote tactile feedback via visually
augmented electrotactile sensations by visually augmenting the �n-
ger in mixed reality while stimulating the nerves via electrotactile
feedback. With this combined approach, they where able to create
sensations within the �nger in up to 50 % of the cases.

Navigating cyclists with electrotactile feedback instead of using
visual cues was proposed by Duente et al. [11]. Their prototype
creates four distinct directional stimuli to guide participants while
cycling. They showed the suitability of their approach by success-
fully navigating participants on a bicycle through a park. Moreover,
electrotactile feedback on the shoulder was explored by Seetohul
et al. [38] to support workers in target acquisition tasks for pick-
by-light systems in the industry. They showed that their approach
helped their participants �nding an item while reducing the mental
demand and e�ort signi�cantly.

2.2 Funneling Illusion and Apparent Tactile
Motion

The funneling illusion has been investigated to enhance haptic
perception with fewer actuators. This is especially desirable for
vibration as it reduces the required energy considerably.

An exploration of the vibrotactile funneling illusion on six head
regions was done by Kaul et al. [21]. They identi�ed a centralizing
bias and varying e�ectiveness of the illusion based on location
sensitivity. For the hand, Luo et al. [28] created a glove with six vi-
brotactile actuators to explore its e�ectiveness. They demonstrated
a high localization accuracy of up to 97 % for 1D illusions and up
to 85 % for 2D illusions. A tactile glove was created by Yi et al.
[49] who combined vibrotactile phantom sensations with thermal
sensations. They showed the suitability of combining both feed-
back methods in a glove for VR applications, which enhanced the
user experience when interacting with virtual objects. Park and
Choi [33] investigated within-the-body and out-of-the-body 2D
stationary phantom sensations for spatial tactile displays that are
held in the user's hands. They found limitations in precision and
perception biases, making them more suitable for secondary cues
rather than as a primary method of tactile communication.

To improve the localization of vibrotactile stimuli using a sparse
array of actuators placed on the forearm, de Vlam et al. [8] proposed
considering wave propagation on the skin during the feedback.
They applied an inverse �lter technique to correct wave dispersion
and attenuation. Their study shows an improvement of 20 % in lo-
calization con�dence compared to the traditional funneling illusion.
Rahal et al. [36] investigated how linear and logarithmic temporal
intensity changes a�ect the funneling and apparent motion illu-
sion on the forearm. Their �ndings suggest that users preferred
linear intensity changes at intermediate actuator distances, whereas
logarithmic changes were favored for long and short distances.

The spatial resolution of vibrotactile perception on the forearm
using the funneling illusion to create a continuous sensation of
movement was examined by Barghout et al. [3]. Their results re-
vealed that moving stimuli enhanced localization accuracy between
actuators, although performance slightly decreased at the actuators
themselves. Additionally, the localization performance with their
system was best at the extremes of the forearm, near the joints. Lin
et al. [27] presented a system that enhances the illusion of forearm
deformation in VR using the vibrotactile funneling illusion with
16 distinct patterns. Users recognized these patterns with an ac-
curacy of 87.17 %, and the system signi�cantly improved realism
and enjoyment in VR compared to visual feedback alone. Similarly,
Henell et al. [16] explored the use of pressure stimuli delivered via
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Figure 1: Overview of our prototype. With a smartphone, we can select the electrode pairs and set the intensities and send this
con�guration to the Adafruit Feather M0 via Bluetooth. The microcontroller translates the con�guration for the HASOMED
RehaMove3. The �rst channel of the RehaMove3 is connected to a switching board that selects the �rst electrode pair. The
second channel of the RehaMove3 is directly connected to the second electrode pair.

a pneumatic sleeve to evoke haptic illusions on the forearm. Their
�ndings indicate that spatial integration of pressure stimuli is e�ec-
tive up to a distance of 61 mm. They also observed apparent motion
e�ects, with the strongest illusion occurring at an interstimulus
onset interval of 20 ms. A slightly weaker e�ect was noted at 40 ms,
while the illusion signi�cantly diminished at longer intervals.

Gibson[14] explored apparent movement sensations caused by
electrotactile feedback on the shoulder down to the right back of a
person. A study with �ve participants gives �rst impressions for
electrotactile sensations on the back. They showed that duration
and delay of the sensations play a crucial role for creating move-
ment sensations and they suggested that electrotactile feedback
around the body of a user could replace visual or auditory cues of
a system. Tanie et al. [46] investigated the perception of an electro-
tactile funneling illusion on the biceps in a small study, using two
electrode pairs at distances of 50 mm, 70 mm, 100 mm and 150 mm.
The authors suggest that the two stimuli should be played simulta-
neously as a time di�erence of more than 50 ms would already lead
to not feeling the funneling illusion. In a follow up study, Tanie
et al. [47] investigated the information transmission characteris-
tics using a three-point stimulation approach. They arranged three
electrodes in a triangle formation above the biceps brachii. They
demonstrated that the perceived phantom sensation location is
proportional to the logarithm of the ratio of energies applied to
the three electrodes. Their results suggest that electrotactile stim-
ulation enables an e�cient two-dimensional spatial information
transfer.

Lee et al. [26] conducted a comparative study on the generation
of tactile directional cues. They compared four mapping methods

(linear, logarithmic, square, and power law) and two stimulation
modalities, vibrotactile and electrotactile. Their experiments as-
sessed both continuous and discrete tactile cue perception through
circle tracking (continuous cues) and directional accuracy tasks (dis-
crete cues). The study tasks were performed in two body regions,
the trunk and the shank. Their results show that for vibrotactile
feedback, linear mapping performed the best. For electrotactile
feedback, power law-based mapping was the most e�ective, partic-
ularly on the shank. Square mapping performed well on the trunk
for electrotactile cues. The study highlights that optimal mapping
methods vary signi�cantly depending on modality, body part, and
the type of task.

Despite the mentioned explorations in utilizing the electrotactile
funneling illusion to reduce the number of electrode pairs, the
speci�c needs for use in wearable contexts, especially the usage
along the forearm, remains unexplored. The properties to e�ectively
use such a system, including the e�ective distances, the calibration
properties and how to reduce possible fatigue e�ects need further
exploration.

3 Prototype
To analyze the funneling illusion induced by electrotactile feedback,
we created a custom prototype (cf. Figure 1). The electrotactile feed-
back signal is produced by the HASOMED RehaMove31, which is
a medically certi�ed device. The settings of the RehaMove3 are
controlled by an Adafruit Feather M0 Bluefruit LE microcontroller
board. This microcontroller board is connected to a smartphone via

1https://hasomed.de/wp-content/uploads/2020/05/RehaMove3_ScienceMode_
Description_and_Protocol_20180421.pdf
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