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Recent pushes in the development of the tactile internet
put the haptic modality in the focus of research. As touch
plays a key role in our social interactions, enabling this
channel of communication for cyber-physical systems has
been of special interest. In this short paper, we present a
system, which is capable of reproducing plausible
continuously moving touch patterns through vibrotactile
feedback. Utilizing small shakers and audio interfaces,
this system is wearable and enables real time interactions
over network. It provides the ability for the user to
transmit touch patterns either directly through a sensor-
actuator setup or through an interface with a virtual
environment.

Introduction

In today's digitized world, virtual social interactions are
becoming increasingly common, particularly in virtual reali-
ty (VR) environments. Yet, despite advances in video and
audio technology, haptic feedback remains relatively under-
developed, relying largely on simple vibrations. Basic touch
patterns of social touch, such as a simple stroke over the
forearm, cannot be reproduced authentically (i.e. physically
accurate) with current technology. This is particularly nota-
ble, given the significant role that touch plays in social inter-
actions, and highlights the need for more advanced and nu-
anced tactile experiences in virtual environments.

Why is it so difficult to reproduce touch patterns? The an-
swer to this question lies in the complexity of physical
touch, which involves multiple aspects such as force, speed,
movement paths, temperature, softness, contact area, and
more. Replicating all of these aspects authentically is practi-
cally impossible with current technology in wearables, as
needed for VR. However, authenticity is not always neces-
sary. By focusing on the most important aspects of touch,
such as timing, position, and movement, it is possible to
create a convincing (i.e. plausible) feedback. This strategy of
plausible reproduction enables the use of vibration-based
haptic feedback, which offers several advantages. One of the
most significant benefits is the ability to utilize vibrotactile
illusions, like the phantom illusion [1], to display continu-
ously moving stimuli with fixed actuators [2]. This greatly
simplifies the reproduction system and facilitates integration
into wearables. By carefully timing the vibrational stimulus,
placing it at the correct location, and matching its speed and
path to the user's expectations, it is possible to create a plau-
sible feedback experience that imitates the sensation of touch
patterns. [3]

Haptic Armband Array

Based on the principles of phantom illusion based vibrotac-
tile movement rendering, we developed a continuous haptic
display capable of reproducing arbitrary vibrational patterns.
The system is worn on the forearm and consists of a fabric

sleeve with a 4x2 matrix of vibration motors (Lofelt L5).
Each individual actuator is driven by its own audio signal. A
MATLAB script calculates the 8-channel driving signal,
based on various input parameters such as speed, movement
path, overall vibration intensity, frequency, and others. The
script's algorithm enables the creation of a virtual point of
vibration at any location within the matrix, based on the
tactile animation algorithm proposed by Schneider et al. [2].
The position of the virtual vibration point is controlled by
the amplitudes of each neighboring actuator. A continuous
change of said amplitudes then achieves a smooth motion of
the virtual point of vibration. We use a combination of mul-
tichannel soundcard (FreeDSP Infinitas) and two 4-channel
amplifier (FreeDSP AMP x4) to output the analogue signal
to the actuator array.

Further details on the functional principle and design of the
system can be found in our previous publications [3, 4].

User Studies

A preliminary user study investigated influences in signal
calculation to determine a preferable interpolation function

[4].

A subsequent extensive user study examined the effects of
signal parameters on perceived haptic feedback [3].
Participants rated the pleasantness, plausibility, and
continuity of vibrotactile strokes with varying parameters
speed, intensity, frequency, signal shape, and amplitude
modulation. The playback was purely haptic without other
perceptional modalities. The results showed that sinusoidal
signals were most suitable for haptic feedback, with no
preferred frequency observed. However, stimulus duration
impacted plausibility. Specifically, long stimuli resulted in a
less plausible rating. This suggests that the aspect of
vibration becomes more prominent over time. Thus, to
achieve higher perceived plausibility, shorter stimuli are
more suitable.

A third user study investigated the user perception of the
haptic feedback in a multimodal context, simulating a closer-
to-application scenario [3]. Participants were presented with
different movement paths in both video and haptic
modalities. The results showed that participants were able to
distinguish between the different movement paths, indicating
a good level of discriminability. Furthermore, average
plausibility ratings of approx. 75 % were reported, which
corresponds to a "rather plausible" feedback. Given that this
study was conducted in a laboratory setting, where factors
such as embodiment and immersion were not optimized and
the experiment was conducted with a computer screen only,
we are confident that even higher plausibility ratings can be
achieved in a virtual reality (VR) scenario.
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Distant Touch Demo

After validating the armband array's functionality, the next

step was to enable connectivity to VR and real-time interac- CUTTING EDGE RESEARCH

tions. To achieve this, the MATLAB script that calculates
the driving signals needed to be modified to allow real-time |
input/output instead of precalculating movement patterns.
We modified the script to receive a live stream of data, based
on which it then calculates and outputs a continuous driving
audio signal. It runs on a dedicated laptop. Together with the
soundcard, amplifier and armband array, it builds the touch
rendering side. As the touch input device, we chose a flexi-
ble sensor array (16 x 10 cells, Kitronyx MS9724) based on
force-strain resistors. It is integrated into a wearable sleeve 2.
and can be worn on the arm to create a natural touch input _ s - |
interface. A microcontroller (ESP32) reads the sensor cells S
and calculates the coordinates of the touch position using a
center of mass algorithm, where the mass is the read pres- [ . =
sure value. The results of this calculation are then transmit-
ted to a Python script running on a second dedicated laptop.
The latter, the microcontroller and the sensor array build the
touch defining side. A network connection enables the
communication of both laptops via Open Sound Control Figure 2: Photo of the distant touch demo setup. In the
(OSC) Protocol, a low-latency audio protocol. Figure 1 background, a touch pattern is. input through th.e wearable
shows a functional diagram of the distant touch demo setup. §enspl)r s:.eeve. Tdhe confstiondllﬁgtltlouch p;i tte;n 8 ren.deileld
Figure 2 shows an image of the distant touch demo during m vibration and output through the armband array in the

: . foreground.
user 1nteraction.
Open Sound Control (OSC) To achieve optimal interactivity, low latency is crucial. To
Protocol via Network minimize latency, we implemented several measures (e.g.

using OSC protocol). The most critical measure however,
was to reduce the data size for each transmission line as
Python script | | MATLAB script much as possible. Our existing rendering system's parame-
ter-based algorithm allowed for significant data compression
of touch information through parametrization. We modified
Serial ASIO the script to receive only two touch position coordinates (as
determined by the microcontroller) and a pressure value as
input, reducing the data size to just three values. The touch
position coordinates resemble the coordinates of the virtual
point of vibration, while the pressure value is converted to
Analogue 8-Channel an overall vibration intensity value. Another measure was to
readout Audio signal reduce data transmission on the touch defining side. We
shifted all necessary calculations directly to the microcon-
troller, so that it only needs to send the three float values to
= 3 . the Python script over serial. Bpth measures'greatly rF:duces
i o @@ e the amount of transmitted data in the whole signal chain.

Microcontroller | | Soundcard + Amplifier

We measured the system latency from touch onset on the
Touch input Touch output sensor to the beginning of vibration at the actuators and
found an average latency of approximately 45 ms. The per-
ceptual threshold for haptic latencies varies with the situa-
Touch defining side Touch rendering side tional context. Typical values range from 20 ms to 100 ms
[5-7]. As none of the users of the system reported a perceiv-
able latency, it can be assumed that an average latency of

Figure 1: Functional diagram of the distant touch demo. A
flexible sensor array senses touch patterns. Sensor values

are read by a microcontroller. From microcontroller to 45 ms is below the perceptual threshold in our case. Ina VR
MATLAB script, only x/y-coordinates of touch position scenario, it is essential to consider that the visual modality
and one pressure value are transmitted. This reduces data also experiences a delay. The latency of head-mounted dis-
amount and latency. The vibrotactile touch pattern is then plays typically ranges from 10 to 40 ms [8], although this

rendered as audio signal and output by the armband array. value can vary depending on the model, application, and

technical setup. As a result, the effective latency in VR (with
touch input in VR instead of a physical sensor), which is the
time difference between the visual and haptic modality, is
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considerably less than in our distant touch demo case with
real touch input through the sensor.

The presented system showcases the possibility of plausible
real-time touch interaction in digital environments over
network with low latencies. The simplification by parametri-
zation enables easy connection of the feedback rendering
side to other systems, such as VR. The only three interface
requirements are network connectivity, usage of OSC proto-
col and the possibility to determine touch coordinates. The
rendering system is not limited to physical input and can
interface with pure virtual environments. In preliminary
studies, we have already demonstrated the possibility of VR
integration.

It is important to note that the functional principle is not
bound to the specific body area of the forearm, but could
potentially be implemented in wearables for all body re-
gions. While the system has been used for touch pattern
reproduction, it is not limited to such. It provides a continu-
ous haptic display with the ability to render continuous
movements. The actual use case can be varied according to
the application context. Thus, smooth vibrotactile movement
patterns could also be used for navigational aids or immer-
sive interactions beyond touch with other characters or ob-
jects in virtual environments.
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