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Abstract

In a digital environment saturated with information, there is an increasing need
for new ways to deliver information quickly and reliably without relying on sight
or hearing. This is especially critical when these senses are already overloaded
or otherwise unavailable. Vibrotactile stimulation, where information is conveyed
through vibrations on the skin, shows great promise as a way to utilize the body's
sense of touch. The effectiveness of such systems, however, depends entirely on
how the vibrations are structured and calibrated, particularly on regions of the body
where the skin is less sensitive.

This thesis investigates how to design and fine-tune vibrotactile stimulation in
wearable devices so that it communicates information reliably in realtime without
causing cognitive fatigue. The forearm is well-suited for such equipment as it does
not hinder hand movement and the device can remain nearly unobtrusive. However,
the density of mechanoreceptors is lower and spatial perception is poorer there
than, for example, in the fingertips, which imposes certain perceptual constraints.
Therefore, it is necessary to systematically research how the location, frequency, and
temporal patterns of vibration affect how we perceive the vibrations and interpret
the messages encoded within them.

A custom-built wearable device was designed using voice coil actuators inte-
grated into a flexible textile substrate with 3D-printed enclosures. The device is
capable of delivering dynamic, independent, and spatially distributed vibrations.
The research employed psychophysical methods to explore and quantify three core
dimensions: spatial resolution, frequency effects, and the temporal structure of
stimuli.

Thesis Objective 1 (TO1) This objective evaluated the minimum spacing required
between actuators for users to distinguish between them. The results revealed that
a 20 mm spacing yielded the highest accuracy (approximately 90—92%) on both
the dorsal and ventral (upper and under) sides of the forearm.

Thesis Objective 2 (TO2) This objective investigated how different frequencies
(100—250 Hz) and anatomical placements (wrist, mid-forearm, elbow) affected
perception. The study showed that frequency alone had little effect, whereas location
was crucial; accuracy was higher in areas near landmarks or bone, such as the wrist
and elbow.

Thesis Objective 3 (TO3) This objective focused on how the timing of stimuli
affects perception. Sequential stimulation, where vibration was delivered by one
actuator at a time, was compared to simultaneous stimulation, where all relevant
actuators were activated at once. The results confirmed that it is significantly easier
to distinguish signals delivered sequentially (93.24% accuracy) than those deliv-



ered simultaneously (26.15%). Further investigation into inter-stimulus intervals
(ISls) revealed that accuracy is highest when intervals are between 100 and 500
milliseconds. Shorter patterns proved more effective than longer ones, and users
remembered the beginning and end of the sequences best. Furthermore, perfor-
mance improved with practice, demonstrating that users can learn to adapt to such
systems over time.

These investigations provide a foundation for the design of wearable tactile
systems that work efficiently with human perception. The findings are applicable
to the development of assistive technologies, sensory substitution devices, silent
alerting systems, and even virtual or augmented reality (VR/AR) interfaces. By
demonstrating that complex information can be reliably conveyed through structured
vibrations on the forearm, this thesis confirms that touch is a viable communication
channel in human-computer interaction when other modalities are overloaded.



Utdrattur

| stafraenu umhverfi par sem upplysingum rignir yfir okkur Gr &llum &ttum, eykst
bérfin fyrir nyjar leidir til a& midla upplysingum fljétt og érugglega an pess a&
treysta & sjén eda heyrn. betta & sérstaklega vid pegar pessi skilningarvit eru pegar
ofhladin e&a nytast hreinlega ekki. Titringsérvun, par sem upplysingum er midlad
med titringi & h(&ina, lofar gé&u sem valkostur til ad nyta snertiskynjun likamans.
Skilvirkni slikra kerfa veltur b4 alfarid & pvi hvernig vid byggjum upp titringinn og
stillum hann af, sérstaklega & peim hlutum likamans par sem ha&in er sidur nsem
fyrir snertingu.

i pessari ritgers er leitad svara vid pvi hvernig mé hanna og finstilla pessa titr-
ingsérvun { kleedanlegum banadi pannig ad hann misli upplysingum & &reidanlegan
hatt i rauntima an pess ad preyta hugann. Framhandleggurinn hentar vel fyrir slikan
binad pvi hann hindrar ekki hreyfingar handarinnar og teekid getur legi® par nénast
6synilegt. Hins vegar eru snertinemar par feerri og stadsetningarskyn lakara en t.d.
i fingurgdmum, sem setur skynjuninni dkvedin mdrk. Pess vegna parf ad rannsaka
kerfisbundid hvernig stadsetning, tidni og timamynstur titringsins hafa ahrif 4 pad
hvernig vi® skynjum titringinn og tilkum skilabo&in sem hafa veri& ké&ué i hann.

Hannadur var sérsmidadur, klaeedanlegur banadur sem byggir 4 raddspélum
(e. voice coil actuators) sem komid& er fyrir i mjaku efni med prividdarprentudum
umgjérédum. Teekid getur midlad kvikum, sjélfsteedum og stadbundnum titringi &
mérgum stédum. | rannsékninni var beitt saledlisfraedilegum adferdum (e. psychop-
hysics) til ad kanna og maela prjd meginpaetti: rymisupplausn, &hrif tidni og timalega
uppbyggingu éreita.

Fyrsta markmid (TO1): Hér var kannad hversu langt parf ad vera & milli titrings-
gjafa svo félk greini & milli peirra. Nidurstédurnar leiddu i [j6s a& 20 mm millibil
skiladi mestri ndkveemni (um 90—92%) & baedi fram- og bakhli® framhandleggs.

Annad markmid (TO2): Hér var skodad hvernig mismunandi tiéni (100—250 Hz)
og stadsetning 4 handlegg (UInlidur, midja framhandleggs og olnbogi) héf&u &hrif
& skynjunina. Rannsdknin syndi a& tidnin ein og sér breytti litlu, en stadsetningin
skipti hins vegar sképum; nékvaemnin reyndist meiri & svaedum nélaegt lidamétum
eda beini, svo sem vié lnlid og olnboga.

Pridja markmi& (TO3): Hér var sjénum beint a& pvi hvernig timasetning areitis
hefur &hrif & skynjunina. Borin var saman rad8rvun, par sem titringsareiti var midlaé
med einni raddspdlu i einu, og samhlida drvun, par sem allar videigandi raddspélur
voru virkjadar samtimis (byggt & mynstri blindraleturs). Nidurstédurnar stadfestu ad
mun audveldara er ad greina bod sem koma i r68 (93,24% nékvaemni) en pau sem
berast samtimis (26,15%). Frekari athuganir & hléum milli &reita (e. inter-stimulus
intervals) leiddu { |jés a& nékveemnin er mest pbegar hléin eru 4 bilinu 100 til 500



millisekdndur. Styttri merki reyndust betri en léng og félk mundi byrjunina og
endann & rédinni best. Einnig sast ad félk varé fljétara og betra ad nema bodin
med zefingunni, sem synir ad haegt er ad leera 4 slik kerfi yfir tima.

Mes pessum rannséknum er lagdur grundvéllur ad hénnun kleedanlegra snerti-
kerfa sem vinna 4 skilvirkan hatt me& mannlegri skynjun. NidurstéSurnar nytast
vi® préun hjélpartaekja, taekja sem koma i sta® annarra skilningarvita, hljé&lausra
vidvérunarkerfa og jafnvel i syndarveruleika (VR/AR). Med bvi ad syna fram 4 ad
haegt sé ad midla fléknum upplysingum & areidanlegan hatt med skipuldgdum
titringi 4 framhandlegg, stadfestir pessi ritgerd ad snerting er raunhaef bodleid i
samskiptum manna og tdlva pegar a&rar leidir nytast illa.

vi
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1 Introduction

1.1 Motivation

The evolution of human—computer interaction (HCI) in an increasingly digital and
interconnected world has intensified the demand for multimodal communication
interfaces. While visual and auditory channels remain dominant, they are often
overburdened, unavailable, or impractical in a range of application contexts. In
response, the sense of fouch—particularly in the form of Vibrotactile feedback—has
emerged as a compelling alternative and complementary modality for non-visual,
non-verbal information transmission.

In augmented and virtual reality (AR/VR) systems, Vibrotactile devices are in-
creasingly adopted to enhance immersion, improve interaction realism, and provide
embodied feedback [1, 2, 3, 4]. In assistive technologies for individuals with sen-
sory impairments, Vibrotactile feedback can compensate for missing or degraded
sensory channels by conveying spatial, navigational, or symbolic information through
touch [5, 6, 7, 8]. Additionally, in high-noise or hands-busy environments—where
visual attention and auditory perception may be limited or unreliable—Vibrotactile
communication offers a robust and unobtrusive means of information delivery.

Vibrotactile communication offers the potential for intuitive, low-latency inferac-
tion that operates independently of sight or hearing. Recent advances in wearable
haptic technology have facilitated the integration of Vibrotactile systems into form
factors that are lightweight, low-power, and minimally obtrusive [2, 10]. How-
ever, achieving effective and reliable tactile communication remains a significant
challenge, particularly in wearable configurations that rely on body regions with
comparatively low tactile acuity, such as the forearm [11].

The forearm presents several practical advantages as a site for haptic feedback:
it is easily accessible, mechanically stable, and does not interfere with manual tasks,
making it suitable for continuous, unobtrusive use in daily activities. Nevertheless,
the forearm has a lower density of mechanoreceptors compared to highly sensitive
areas like the fingertips, resulting in reduced spatial resolution and limited tactile
discrimination. These perceptual constraints must be carefully considered when
designing effective forearm-based Vibrotactile interfaces [12, 13].

This thesis is motivated by the need to enhance the perceptual accuracy, usability,
and design efficiency of wearable Vibrotactile systems for the forearm. It specifically
investigates the spatial, spectral, and temporal properties of Vibrotactile stimuli—
namely actuator spacing, frequency sensitivity, and stimulus timing—and their
influence on users’ ability to perceive, localize, and interpret tactile cues. For
instance, when actuators are placed too closely together, their vibrations may blend
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and become perceptually indistinct [14]. Inappropriate frequency selection may
lead to suboptimal stimulation of mechanoreceptors. Poorly chosen interstimulus
intervals can reduce recognition performance by making the stimuli harder to
distinguish or by creating unclear timing between them. [15, 16].

Optimizing these parameters is essential for achieving perceptually clear and
functionally robust tactile communication. This is especially critical in scenarios in-
volving rapid sequential stimulation or complex pattern recognition, where the cogni-
tive and perceptual demands on the user are elevated. Real-world applications—such
as tactile displays for the visually impaired, silent alert systems, sensory substitution
devices, and AR/VR environments—require systems that deliver information both
quickly and accurately. These systems must be optimized not only in terms of
hardware design but also in terms of how tactile information is structured, delivered,
and learned.

To address the challenges associated with effective Vibrotactile communication,
this research undertakes a systematic investigation of Vibrotactile perception on the
forearm from a psychophysical perspective. The study focuses on three fundamental
and inferrelated dimensions of Vibrotactile stimulation—spatial resolution, spectral
characteristics, and temporal dynamics—that govern how tactile information is
encoded and perceived. Together, these dimensions determine how Vibrotactile
stimuli are perceived, localized, and interpreted by users, particularly on the forearm.

A custom-designed Vibrotactile sleeve, embedded with multiple independently
controlled voice coil actuators, serves as the experimental platform. This wearable
system enables precise manipulation of spatial and temporal stimulus features,
supporting controlled investigation of perceptual effects both independently and in
combination. Psychophysical methods are applied throughout the study to provide
rigorous, quantitative assessment of the relationship between physical stimulus
parameters and perceptual performance.

This thesis explores the hypothesis that tactile perception on the forearm varies as
a function of the spatial, spectral, and temporal properties of Vibrotactile stimulation.
By identifying perceptually effective parameter ranges within each dimension, the
research aims to support the development of wearable Vibrotactile interfaces that
enable reliable, intuitive, and user-centered transmission of spatial, symbolic, and
navigational information through touch.

To operationalize this hypothesis, the research is organized around the following
core research questions:

1. What is the minimum actuator spacing required to achieve high spatial
discrimination accuracy?
This question determines the forearm’s spatial resolution by identifying the
minimum distance at which Vibrotactile stimulation is reliably distinguishable,
enabling fine-tuning of actuator layout (TO1).

2. How does Vibrotactile frequency influence tactile localization accuracy
across the forearm?
As different mechanoreceptors exhibit distinct frequency response profiles,
this question explores how variations in frequency affect localization accuracy
across the forearm. The results guide spectral tuning strategies (TO2).
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3. What is the effect of pattern length on recognition accuracy?
This question investigates how the length of Vibrotactile sequences influences
users’ ability to accurately interpret them, particularly in information-dense
contexts (TO3).

4. How do Vibrotactile presentation methods impact recognition accuracy?
By comparing simultaneous and sequential actuator activation, this question
evaluates their respective impacts on perceptual clarity, spatial resolution, and
cognitive load, with implications for encoding strategies (TO3).

5. How do stimulus order and interstimulus interval (ISI) affect tactile discrim-
ination accuracy?
This question assesses how the temporal arrangement of stimuli influences
tactile discrimination accuracy, examining whether performance varies de-
pending on stimulus order and the time inferval between successive stimuli.
Both shorter and longer interstimulus intervals may influence discrimination
by affecting sensory processing, interference, and the ability to retain and
compare tactile information across stimuli. (TO3).

6. Does sequential presentation accuracy improve with repeated exposure?
Finally, this question explores the impact of learning and repetition on factile
recognition performance, informing the design of tactile systems in which
user performance improves with experience (TO3).

Each research question is addressed through carefully controlled experiments
using psychophysical paradigms. These investigations contribute to a deeper
scientific understanding of forearm-based Vibrotactile perception and support
the development of tactile interfaces that are perceptually optimized, cognitively
compatible, and ergonomically viable.

The outcomes of this thesis have broad implications across multiple application
domains, including assistive wearables for individuals with sensory impairments
(such as Braille-inspired displays for the visually impaired), AR/VR feedback systems,
rehabilitation technologies, silent alerting mechanisms, sensory substitution tools,
and prosthetics. In all these contexts, tactile feedback must be delivered with
precision, clarity, and minimal cognitive load—requirements that this research
directly addresses.

Ultimately, this work aspires to elevate the sense of touch to a primary com-
munication channel in human-machine interaction. By enabling users to receive
and inferpret tactile information as naturally and efficiently as they would visual or
auditory cues, this research supports the development of more inclusive, immersive,
and responsive interactive systems.
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1.2 Thesis Objectives

1.2.1 Main Thesis Objective

This thesis aims to design and fine-tune vibrotactile stimulation parameters to enhance
the performance of a multimodal wearable sleeve for forearm-based communication.
The core objective is to systematically investigate and quantify the effects of spatial,
temporal, and spectral stimulation parameters on vibrotactile perception on the
forearm, thereby providing an empirical foundation for effective tactile information
delivery.

The research is intended to inform the development of advanced wearable
Vibrotactile displays, with a specific emphasis on forearm-mounted systems. By
establishing evidence-based design principles, this work seeks to improve the clarity,
accuracy, and usability of Vibrotactile feedback.

Ultimately, the findings will contribute to the creation of robust, user-centered
haptic interfaces for use in assistive technologies, sensory substitution devices, and
non-visual communication platforms—particularly in environments where visual or
auditory channels are limited, unavailable, or overloaded.

1.2.2 Specific Thesis Objectives

This research is guided by three interrelated thesis objectives (TOs), each addressing
a core perceptual dimension that underpins the design of effective Vibrotactile
interfaces. Together, these objectives contribute to a foundational understanding
of how tactile information can be encoded, delivered, and perceived through
wearable haptic systems. The insights gained from each objective are intended to
inform design principles for robust, high-performance, user-centered Vibrotactile
communication systems—particularly those implemented on the forearm for non-
visual or multimodal interaction.

TO1: Fine-tune actuator interspacing to optimize
Vibrotactile spatial discrimination.

The first objective is to fine-tune the spatial configuration of Vibrotactile actuators
on the forearm to optimize spatial discrimination. A critical consideration in tactile
interface design is how closely actuators can be placed without compromising the
user’s ability to distinguish between adjacent stimuli. If actuators are positioned too
closely, users may experience perceptual overlap or confusion, reducing the clarity
and precision of tactile messages.

This objective addresses the spatial resolution of the human forearm and explores
how actuator placement affects tactile localization performance. Insights from this
investigation are essential for designing compact yet effective tactile displays that
can convey complex information within the limited surface area of wearable devices.
It also has implications for applications requiring high-density arrays—such as those
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used in navigation aids, communication interfaces, or haptic feedback systems for
augmented and virtual reality.

TO2: Investigate the Influence of Stimulus Frequency
and Anatomical Location on Tactile Perception

The second objective focuses on understanding how variations in stimulus frequency
and anatomical placement along the forearm affect the user’s ability to perceive
and localize Vibrotactile stimuli. The human skin exhibits varying sensitivity across
different regions due to differences in mechanoreceptor density, skin thickness,
and tissue composition. Additionally, the perception of Vibrotactile stimuli is
influenced by the frequency of the vibration, which determines which types of
mechanoreceptors are activated and how stimuli are inferpreted.

By examining these physiological and perceptual variables, this objective aims
to inform actuator placement strategies and frequency selection in wearable systems.
A deeper understanding of these factors allows for the customization of Vibrotactile
feedback based on the forearm’s sensory landscape, ensuring that tactile cues are
both perceptible and distinguishable. This is particularly relevant in contexts where
system responsiveness, comfort, and reliability are essential—such as in assistive
devices for individuals with sensory impairments or in environments with limited
visual or auditory cues.

TO3: Explore the Effects of Temporal Presentation
and Sequencing on Tactile Pattern Recognition

The third objective investigates how temporal presentation parameters influence the
perception and recognition of Vibrotactile patterns. In wearable haptic systems, the
timing and sequencing of stimuli—such as whether they are presented simultaneously
or sequentially, the duration between successive stimuli (interstimulus interval or
ISI), and the overall length and order of tactile patterns—can significantly affect a
user’s ability to accurately decode information.

This objective examines the role of temporal structure in shaping tactile expe-
riences. It considers how humans process time-based tactile cues and how these
cues inferact with memory and attention to influence recognition accuracy. Addi-
tionally, it explores how learning and familiarity with repeated patterns may enhance
performance over time, highlighting the adaptive nature of tactile perception.

Understanding these temporal dynamics is vital for designing intuitive and effi-
cient haptic communication strategies, particularly for sensory substitution systems
and non-visual user interfaces. This objective supports the development of Vibrotac-
tile coding schemes that are cognitively aligned with users’ natural perceptual and
processing capabilities, thereby improving the overall usability and effectiveness of
wearable haptic technologies.
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Figure 1.1 depicts the chronological progression of the TO, from the initiation
to the completion of the doctoral research. It outlines the sequential milestones
associated with each TO and highlights the methodological procedures employed
to advance the study of Vibrotactile stimulation on the skin.

The interconnection among the TO is depicted by the blue arrows, symbolizing
the direct transfer of knowledge acquired in one phase to the subsequent step.

Finally, the flow diagram in Figure 1.1 offers a visual depiction of the TO
addressed in each of the publications outlined in Chapter 4.
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Figure 1.1. Flow diagram of the thesis outline and the achieved publications.




1 Introduction

1.3 Outline

This thesis adopts a cumulative format, in which the research objectives (TOs) are
addressed through a series of peer-reviewed publications. These publications, listed
in Section 1.4.1, form the foundation of the thesis and are directly aligned with the
core objectives outlined in Section 1.2. The structure of the thesis is designed to
contextualize, support, and integrate these contributions within a coherent research
narrative.

1.4 Thesis Structure

The thesis is organized into six main chapters, as follows:

- Chapter 1: Introduction
Introduces the research scope, motivations, and objectives. It also outlines the
relationship between the thesis objectives and the associated peer-reviewed
publications.

- Chapter 2: Background and Theoretical Framework
Provides an overview of the foundational concepts relevant to the research,
including human tactile perception and haptic interface design. This chapter
offers theoretical context for the investigations conducted under TO1 and TO3.

- Chapter 3: Methodology and System Design
Describes the experimental methods and analytical approaches employed in
this research. It also presents the design and technical specifications of the
custom-built wearable Vibrotactile sleeve used in the studies.

- Chapter 4: Publications and Research Contributions
Offers an integrated summary of the journal papers that constitute the core
contributions of this cumulative thesis. The chapter explains how each publica-
tion addresses one or more thesis objectives and highlights their significance
within the broader field.

- Chapter 5: Discussion
Provides a critical analysis of the main findings across the studies, situating
them within the broader literature and discussing their theoretical and practical
implications.

- Chapter 6: Conclusions and Future Work
Summarizes the key findings of the thesis and reflects on their overall scientific
and practical contributions. This chapter provides explicit answers to the
research questions introduced in Chapter 1, discusses the limitations of the
research, and outlines potential directions for future investigations. The
chapter is followed by the fulltext versions of the primary publications listed
in Section 4.



1.4 Thesis Structure

The thesis concludes with a Bibliography, which includes all sources cited
throughout the manuscript.

1.4.1 Publications

- Paper |
N. Yeganeh, |. Makarov, S. S. Stefansson Thor, A. Kristjansson, R. Unnthorsson,
Evaluating the Optimum Distance between Voice Coil Actuators Using the
Relative Point Localization Method on the Forearm, Actuators, vol. 12, no. 1,
2023, https://doi.org/10.3390/act12010006.

- Paper
N. Yeganeh, |I. Makarov, R. Unnthorsson, A. Kristjdnsson, Effects of Stimulus
Frequency and Location on Vibrotactile Discrimination Performance Using
Voice Coil Actuators on the Forearm., Actuators, 2024, 12, 224 https:
//doi.org/10.3390/act12060224.

- Paper Il
N. Yeganeh, |. Makarov, A. Kristjdnsson, R. Unnthorsson, Discrimination
Accuracy of Sequential Versus Simultaneous Vibrotactile Stimulation on the
Forearm, Applied Sciences 2024; 14 (1): 43, https://doi.org/10.3390/
app14010043.

- Paper IV
N. Yeganeh, |. Makarov, A. Kristjdnsson, R. Unnthorsson, Vibrotactile Pattern
Recognition: The Influence of Interstimulus Intervals, Virtual Reality & Intel-
ligent Hardware, 2025: 7 (5): p. 483—-500, https://doi.org/10.1016/
j.vrih.2025.06.001
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1.5 Contributions

This thesis addresses three interrelated Thesis Objectives (TOs), each corresponding
to a set of empirical investigations published across four peer-reviewed papers
(see Table 1.1 and Figure 1.1). The overarching aim is fo investigate and fine-
tune the spatial and temporal parameters of Vibrotactile stimulation for wearable
forearm-mounted haptic systems. Key areas of focus include tactile localization
acuity, pattern recognition, and non-visual information transmission through the skin.
Each objective builds upon the findings of the previous one, forming a cohesive and
iterative research trajectory that culminates in a set of validated design principles
for Vibrotactile communication interfaces.

TO1: Fine-tuning Actuator Spacing for Spatial Dis-
crimination (Addressed in Publication 1)

The first thesis objective investigates the minimum spatial separation needed between
Vibrotactile actuators on the forearm to produce distinct and perceptually separa-
ble tactile stimuli. Understanding spatial resolution is foundational for designing
compact, multi-point factile interfaces that avoid perceptual interference.

This objective was addressed through a series of psychophysical experiments that
systematically varied actuator spacing and evaluated users’ localization performance.
The outcomes informed the fine-tuning of actuator placement, ensuring that feedback
remains spatially precise while enabling dense actuator configurations in wearable
devices.

The insights gained from TO1 were instrumental in developing the Vibrosleeve
prototype—used as a standardized experimental platform in subsequent thesis
objectives.

TO2: Fine-tuning Frequency and Anatomical Place-
ment for Perceptual Sensitivity (Addressed in Publi-
cations Il)

The second thesis objective builds on TO1 by exploring how Vibrotactile stimulus
frequency and anatomical location along the forearm affect tactile discrimination.
While TO1 established spatial boundaries, TO2 investigates how sensitivity varies
across different regions of the forearm and within various frequency ranges.

This objective involved testing stimulus perception at multiple forearm locations
(e.g., wrist, mid-forearm, elbow) and across a controlled frequency range. The goal
was to fine-tune actuator deployment and signal characteristics to align with users’
physiological sensitivity and optimize interface performance.

TO2 contributes a deeper understanding of how spatial and frequency parame-
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ters inferact, supporting more perceptually aligned and user-centered haptic system
design.

TO3: Fine-tuning Temporal Parameters and Encoding
Strategies for Tactile Communication (Addressed in
Publications 11l and V)

The third thesis objective addresses the temporal dimension of tactile feedback
by investigating how timing and sequence influence users’ ability to perceive
and recognize Vibrotactile patterns. Variables such as interstimulus interval (ISI),
presentation mode (sequential vs. simultaneous), pattern length, and serial order
were systematically evaluated.

Inspired by factile communication frameworks such as Braille, this objective
focused on how timing affects perceptual clarity and cognitive processing. Psy-
chophysical experiments were conducted to assess the impact of these temporal
variables, alongside memory-related effects like primacy and recency.

TO3 builds directly on the actuator layout and sensitivity findings from TO1 and
TO2. It finetunes the timing of stimulus delivery to reduce interference, enhance
recognizability, and support more intuitive haptic interaction. This objective em-
phasizes cognitive and perceptual design principles necessary for delivering factile
messages effectively.

Summary of Contributions

Collectively, TO1, TO2, and TO3 form a unified and empirically validated framework
for the design and fine4tuning of wearable Vibrotactile interfaces for the forearm.
Each thesis objective contributes uniquely to this framework:

- TO1: Finetunes the spatial spacing between vibrotactile stimuli to achieve
reliable spatial discrimination.

- TO2: Examines the influence of anatomical location and vibration frequency
on factile sensitivity and localization performance.

- TO3: Investigates the effects of stimulus timing, presentation method, se-
quence order, learning, and training on vibrotactile perception and recogni-
tion, with the aim of optimizing pattern-based tactile communication strategies.

These contributions support the design of high-resolution, user-centered Vi-
brotactile systems. The knowledge developed through this thesis is transferable
across domains such as assistive technology, sensory substitution, mobile interaction,
rehabilitation, and immersive environments including augmented and virtual reality.

1
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Table 1.1. Relation of publications to the TOs.

Paper | Paper Il Paperlll Paper IV

TO1 X

TO2 X

TO3 X X
Transferable X X X X
Knowledge
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2 Background

Vibrotactile perception is a critical component of the human somatosensory sys-
tem, enabling the detection and interpretation of mechanical vibrations applied
to the skin with remarkable temporal and spatial acuity. This perceptual modality
facilitates nuanced touch-based interactions, allowing individuals to sense surface
textures, interpret motion cues, and respond dynamically to changes in their physical
environment.

2.1 Haptic and Vibrotactile Perception

Haptic perception refers to the process through which humans acquire information
from the environment via the sense of touch, integrating both cutaneous (skin-
based) and kinesthetic (muscle- and joint-based) feedback. A key component
within this domain is Vibrotactile perception, which involves the detection of high-
frequency mechanical vibrations applied to the skin. Vibrotactile feedback has
become increasingly valuable in modern haptic systems, particularly within wearable,
assistive, and sensory-substitution technologies, where visual or auditory feedback
may be unavailable, overloaded, or insufficient [17, 18].

Mechanoreceptors form the biological basis for haptic perception. These spe-
cialized sensory receptors transduce mechanical stimuli—such as pressure, stretch,
touch, and vibration—into neural signals that travel through the somatosensory
system. They are distributed across the skin and deeper tissues, each exhibiting dis-
tinct response properties, adaptation behaviour, and receptive field characteristics,
allowing the nervous system to encode a wide range of tactile information [19, 20].

The skin contains four principal classes of mechanoreceptors (cf. Figure 2.1):

- Merkel Cells (SA-I)

Located primarily in the basal layer of the epidermis, Merkel cell—neurite com-
plexes are associated with slowly adapting type | (SA-) afferents that respond
continuously during sustained contact. Characterized by small receptive
fields, SA-l afferents play a critical role in fine spatial discrimination and the
detection of edges and surface features. Their contribution to high-resolution
tactile processing is particularly evident in highly sensitive regions such as the
fingertips. In contrast, the forearm exhibits lower factile acuity and coarser
spatial resolution than the fingertips, highlighting an important perceptual
constraint for forearm-based tactile interfaces [21,

- Meissner’s Corpuscles (RA-)
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2 Background

Situated within the dermal papillae of glabrous skin, including the fingertips,
palms, lips, and soles, these rapidly adapting type | receptors respond to light
touch and low-frequency vibration. They play an essential role in detecting
dynamic tfactile events such as slip during object manipulation and contribute
to temporal sensitivity in touch perception. These properties are important
for understanding how low-frequency Vibrotactile stimuli are processed, even
though such receptors are less densely represented on the forearm [23, 24].

Epidermis

\
Merkel cells :
eissner corpuscles

Dermis

Ruffini endings

Pacinian corpuscles

Hypodermis

Figure 2.1. Cutaneous Sensory Receptors in the Skin Layers. This diagram illustrates
a cross-section of the outer layer (Epidermis) and the underlying layer (Dermis),
showing the precise location of key cutaneous sensory receptors. These structures
are vital for tactile sensation and proprioception. They include: the Merkel’s disk,
located near the base of the Epidermis for sustained pressure and fine tactile detail;
the Meissner’s corpuscle (Light Touch Receptor), found in the upper Dermis to detect
light touch and low-frequency vibration; the Ruffini ending (Stretch Sensor), situated
deeper in the Dermis and Hypodermis to perceive skin stretching and sustained
pressure; and the Pacinian corpuscle (Pressure & Vibration Detector), located
deepest to sense fransient deep pressure and high-frequency vibrations.

- Pacinian Corpuscles (RA-II)
Located deeper in the dermis, hypodermis, and connective tissues around
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joints, Pacinian receptors are rapidly adapting type Il mechanoreceptors that
are highly sensitive to high-frequency vibrations (approximately 100—500 Hz).
Their broad frequency tuning and large receptive fields make them the domi-
nant contributors to Vibrotactile perception in many haptic systems. These
properties enable the perception of remote vibration and tool-mediated feed-
back and are particularly relevant for Vibrotactile stimulation applied to body
regions such as the forearm [25, 2¢].

- Ruffini Endings (SA-II)

Found in the dermis, hypodermis, and joint capsules, Ruffini endings are slow-
adapting type Il receptors that respond to sustained skin stretch and pressure.
They provide information related to finger position, hand configuration, and
movement direction, thereby contributing to proprioceptive integration and the
perception of limb posture. These properties are relevant for understanding
how tactile and proprioceptive cues interact during sustained contact and
movement [27].

Although mechanoreceptor density varies across the body—with the fingertips
being highly innervated while regions such as the forearm or back exhibit lower
tactile acuity [28, 29]—the brain compensates through somatotopic magnification.
In the primary somatosensory cortex (S1), body regions with high tactile significance,
such as the hands and face, occupy disproportionately larger cortical representations.
This somatotopic mapping, famously demonstrated through stimulation studies and
illustrated by the cortical “homunculus”, highlights the functional prioritization of
certain body areas in tactile processing [30].

Mechanoreceptive information travels through the dorsal column—medial lem-
niscal pathway to the thalamus and then to the primary somatosensory cortex. There,
tactile signals are integrated to enable the perception of texture, pressure, shape,
vibration, and limb position, forming the basis for natural and artificial haptic
communication.

2.2 Vibrotactile Communication

Vibrotactile communication represents a significant advancement in human-computer
interaction, leveraging the sense of touch to deliver realtime, nuanced vibratory
feedback. These systems employ distinct vibration patterns to discreetly convey
information through the skin, offering a novel channel for interaction that bypasses
traditional visual and auditory pathways. Such devices enhance accessibility for
individuals with sensory impairments and expand the range of communication
modalities in both assistive and general-purpose contexts. The proposed project aims
to contribute to this growing field by designing and developing a precise, wearable
Vibrotactile device with broad applicability, promoting inclusivity, interactivity, and
user autonomy.

The absence of a sensory modality, particularly from birth, profoundly impacts
neural and perceptual development. Congenital blindness, for instance, often leads
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to the adoption of alternative perceptual strategies and the formation of distinct
neural representations of space and object identity. Accumulating evidence supports
the concept of sensory substitution, wherein one sensory modality—such as touch—
can compensate for the loss of another, such as vision [31, 32, 33]. Early systems
like Bach-Y-Rita's tactile vision substitution device demonstrated that visual input
could be successfully translated into Vibrotactile feedback on the back, enabling
users fo identify environmental features through touch [34, 35]. These findings laid
the foundation for modern sensory substitution devices (SSDs).

Recent Vibrotactile systems build upon these foundational principles and are
now used in various assistive and mainstream domains. For individuals with visual
impairments, wearable devices such as smart canes integrate Vibrotactile feedback
to communicate directional cues and obstacle information, thereby enhancing navi-
gation and spatial awareness [36, 37]. Neuroscience research supports the efficacy
of such systems, revealing that the brain’s sensory cortices can be repurposed
following deprivation. Classical theories of strict modularity have been challenged
by evidence of cross-modal plasticity [38, 39]. For instance, visual cortices in
blind individuals can be activated by tactile or auditory stimuli [40, 41]. These
effects are not limited to low-level perception. The visual word form area (VWFA),
traditionally associated with visual reading, is activated by Braille reading and even
tactile grammar processing [38]. Similarly, tactile face exploration can activate
the fusiform gyrus, and auditory cortices can be incorporated to process visual
information in the deaf [42, 43]. Neuroscientific evidence further illustrates the
capacity of tactile input to support meaningful information processing. In industrial
settings, Vibrotactile wearables offer proximity alerts to enhance worker safety by
signaling hazardous areas or machinery [44, 45]. In tourism, these systems guide
visitors through unfamiliar environments using tactile cues, thereby enriching the
user experience with location-specific feedback [46].

One emerging application of Vibrofactile systems is in structural firefighting. In
low-visibility conditions, such as smoke-filled environments, wearable Vibrotactile
gear can alert firefighters to hazards. For example, Vibrotactile headbands with
ultrasound sensors can convey the proximity of walls via forehead tactors, while
Vibrotactile gloves help navigate blind scenarios [47, 48]. These systems improve
situational awareness and response time, although further integration and validation
are required.

In music perception, Vibrotactile feedback has shown potential to improve
auditory experiences, particularly for individuals with cochlear implants or hearing
loss. Research indicates that whole-body and fingertip vibrations can enhance
musical perception by encoding acoustic features such as rhythm, amplitude, and
pitch [49]. Haptic chairs, Vibrotactile armchairs, and wearable devices offer users
tactile access to musical structure, contributing to emotional engagement and sound
comprehension in multisensory environments [50].

In gaming and virtual reality (VR), Vibrotactile technologies contribute to im-
mersive environments by simulating physical sensations. Game controllers, gloves,
vests, and full-body haptic suits provide tactile feedback to mirror in-game actions,
such as collisions, recoil, or environmental changes [51, 52]. These innovations not
only heighten realism but also expand the range of sensory input available to users,
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enabling intuitive and responsive interaction with digital content.

Health and fitness applications also benefit from Vibrotactile feedback. Athletes
use these systems to receive realtime corrections in form and technique during
exercises, improving performance and reducing injury risk [53]. In rehabilitation,
Vibrotactile cues assist in recovery by providing feedback during postural or mobility
exercises, particularly for patients recovering from surgery or managing balance
disorders [54]. Devices tailored for specific sports, such as golf or running, use
vibration to reinforce correct posture and motion patterns [55, 56].

In summary, Vibrotactile communication systems are transforming the landscape
of human interaction across accessibility, safety, entertainment, health, and educa-
tion. By leveraging the adaptability of the human brain and the flexibility of tactile
feedback, these technologies offer inclusive, multi-sensory solutions to complex
perceptual challenges. As development continues, interdisciplinary research com-
bining neuroscience, engineering, and psychophysics will be essential to refine
these systems and unlock their full potential.

While these examples illustrate the versatility of Vibrotactile systems, many remain
at the level of research prototypes or domain-specific pilot implementations rather
than widely adopted commercial products. Large-scale deployment is often limited
by factors such as hardware constraints, user training requirements, variability in
perceptual performance, and the absence of standardized design guidelines. This
highlights the need for empirically grounded frameworks that move Vibrotactile
communication from proof-of-concept demonstrations toward reliable and scalable
real-world applications.

Despite a growing body of research on Vibrotactile systems, applications target-
ing the forearm remain critically underexplored. The forearm is a highly promising
site for wearable interfaces, as it enables Vibrotactile cues to be delivered without
interfering with manual activities—an especially valuable feature for users with sen-
sory impairments who rely heavily on their hands. However, key design factors such
as actuator placement and spacing, frequency and amplitude response, anatomical
sensitivity, and temporal dynamics remain insufficiently investigated, leaving funda-
mental questions about perceptual optimization unanswered. Prior studies have also
been constrained by the technical limitations of conventional Vibrotactile actuators,
such as eccentric rotating mass (ERM) motors and linear resonant actuators (LRAs),
which are characterized by restricted bandwidth and limited independent control
of frequency and amplitude. To address these gaps, this thesis employs voice coll
actuators, which overcome these limitations by providing a broad and continuous
range of frequencies and amplitudes, independent parameter control, and fine-
grained temporal precision. Leveraging this capability, the thesis introduces and
experimentally evaluates the Vibrosleeve, a controlled, wearable platform designed
to systematically investigate forearm-based Vibrotactile perception. In doing so, it
advances both the scientific understanding of spatiotemporal tactile processing on
the forearm and the practical development of novel assistive devices that extend
tactile literacy and support sensory substitution.

Our research group has extensively investigated the properties of Vibrotactile
stimulation, particularly in the context of sensory augmentation devices over the past
several years. One notable system the group has explored is The Sound of Vision, a
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sensory substitution platform designed for individuals with visual impairments. This
system integrates time-of-flight (ToF) and stereo cameras to map the surrounding
environment and translate spatial information into tactile and auditory feedback. A
key component is a tactile belt that communicates obstacle distance and direction
through intuitive vibration patterns, thereby enhancing users’ spatial awareness and

mobility [8, 32, 57, 58, 59].

2.3 Fine-Tuning Vibrotactile Signal Parameters and
Stimulation Location

The effectiveness of Vibrotactile communication systems relies on the precise cal-
ibration of signal parameters—such as intensity, frequency, and temporal struc-
ture—along with the careful selection and spatial arrangement of stimulation sites
on the body. These factors collectively determine perceptibility, discriminability,
comfort, and cognitive interpretability. Without such optimization, Vibrotactile
feedback risks being ineffective or even counterproductive.

Signal intensity, or amplitude, significantly influences detectability [60, &61].
However, the optimal intensity range varies by location on the body due to dif-
ferences in skin properties, receptor densities, and mechanoreceptor thresholds.
Higher-intensity vibrations are more easily perceived, but excessive stimulation can
lead to sensory adaptation, discomfort, or even pain—especially in more sensitive
areas like the face or fingertips [62]. Conversely, lower-intensity signals may go
unnoticed, particularly on less sensitive body parts such as the lower back or thighs
[63, 64]. The perceptual threshold thus depends on both intensity and location,
necessitating body-site-specific calibration.

Frequency tuning is equally essential. Different mechanoreceptors exhibit dis-
tinct frequency sensitivities: Pacinian corpuscles are tuned to high-frequency vi-
brations (approximately 100—500 Hz), while Meissner corpuscles respond best
to lower frequencies (approximately 30—50 Hz) [65, 23]. Delivering stimuli at
mismatched frequencies can impair signal salience or even render signals imper-
ceptible. Cholewiak et al. [66] demonstrated that both detection thresholds and
localization accuracy are frequency-dependent, with mid-o-high frequency signals
being more reliably detected across larger body areas, especially when combined
with optimal amplitudes.

The sensitivity of different body parts intfroduces another layer of complexity.
Tactile spatial acuity and vibratory detection thresholds vary widely across anatomical
sites. The fingertips, face, and lips possess high receptor density and thus provide
excellent spatial and temporal resolution. In contrast, the forearm, abdomen, and
back have lower tactile sensitivity and require stronger or more distinct signals
for comparable performance [67, 63]. Consequently, applications involving fine
pattern recognition—such as tactile Braille or symbolic input—are better suited to
high-resolution locations like the fingertips, while alerting or directional cues can
be effectively delivered to coarser-resolution regions such as the torso or upper
arm [68].
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The spatial arrangement of Vibrotactile actuators also plays a pivotal role in
perceptual clarity and information encoding. Increasing the distance between
actuators can improve localization accuracy by reducing perceptual overlap between
neighboring stimuli, as shown by Cholewiak et al. [69]. However, if spacing is
too wide, it limits the spatial resolution of encoded information. Conversely, tightly
packed arrays may suffer from Vibrotactile masking, wherein neighbouring stimuli
interfere with each other and reduce perceptual clarity [70]. Therefore, actuator
density must be adapted to body region and intended application, balancing
resolution with comfort and discrimination thresholds.

Moreover, sensor layout—linear, circular, grid, or custom spatial mapping—can
significantly affect user performance and learning. Van Erp [71] showed that direc-
tional cues delivered through torso-worn linear arrays allowed rapid and accurate
spatial orientation. In contrast, circular or concentric arrays are more effective for
signaling heading changes or rotation. For mobile applications, body-worn arrays
must also account for motion artifacts, as skin stretch or displacement can alter
perceived signal direction or intensity [72].

Lastly, inferindividual differences in skin properties, tactile sensitivity, and cogni-
tive processing—due to age, skin type, experience, or medical conditions—further
justify the need for adaptive or personalized feedback [73]. Some modern sys-
tems use calibration routines to match Vibrotactile signals to a user’s perceptual
profile, ensuring consistent perception and avoiding overstimulation or information
overload.

To sum up, finetuning Vibrotactile signal parameters and selecting appropriate
stimulation sites are essential to the success of tactile communication systems.
Factors such as intensity, frequency, body site sensitivity, inter-sensor spacing,
and individual differences must be carefully considered to maximize performance,
comfort, and interpretability. These insights guide the design of nexi-generation
wearable systems capable of delivering intuitive and robust tactile information across
varied application domains.

2.4 Types and Functional Principles of Vibrotactile
Actuators

Vibrotactile actuators are essential components in haptic feedback systems, par-
ticularly in wearable technologies designed to communicate information through
the sense of touch. These actuators convert electrical energy into mechanical vi-
brations, stimulating the skin’s mechanoreceptors to convey alerts, spatial cues,
or complex patterns. Selecting the appropriate actuator is crucial, as each type
differs in frequency response, energy consumption, size, controllability, and tactile
resolution—factors that directly influence user perception and system performance.

1. Eccentric Rotating Mass (ERM) Actuators
ERM actuators generate vibrations by spinning an unbalanced mass. They
are low-cost and widely available but limited in control and responsiveness
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(typically 80—150 Hz), making them suitable mainly for simple alerts [74].

. Linear Resonant Actuators (LRAs)

LRAs vibrate along a single axis at their resonant frequency, offering better
efficiency, faster response, and stronger tactile signals within the 150—250 Hz
range. However, their narrow frequency bandwidth restricts flexibility [75].

. Piezoelectric Actuators

Piezoelectric actuators deform rapidly when electrically stimulated, producing
precise, localized vibations vibrations (100—1000 Hz). These actuators offer
excellent temporal resolution and are ideal for high-fidelity haptics, though
they require high voltage and are relatively costly [76].

Voice Coil Actuators (VCAs)

VCAs operate over a broad frequency range (10—500+ Hz) using Lorentz
forces to deliver custom, high-amplitude waveforms with low latency. They
are preferred in advanced VR and research applications but are larger and
more power-intensive [77].

. Electroactive Polymers (EAPs)

EAPs are soft, flexible materials that deform under electrical stimulation. They
support integration into textiles and bio-compatible wearables but require
high voltages and exhibit slow response and weak force output [78].

. Shape Memory Alloys (SMAs)

SMAs like Nitinol change shape in response to heat and are used in slow,
low-frequency haptic interfaces where silent, large-strain movement is needed.
However, they are energy inefficient and thermally slow [79].

. Pneumatic and Air-Based Actuators

Pneumatic haptic systems generate tactile feedback through controlled air
pressure or brief air pulses delivered via inflatable chambers or air jets. These
actuators can produce localized pressure, skin deformation, or dynamic puff
stimuli and are often used in soft wearable interfaces and mid-air haptics.
Pneumatic systems offer advantages in safety, compliance, and comfort;
however, they typically require external pumps or compressed air sources,
limiting portability and response speed. Their relatively slower temporal
precision compared to electromagnetic actuators can restrict applications
requiring high-frequency Vibrotactile encoding [30].

In conclusion, actuator selection must be guided by application-specific require-

ments—balancing resolution, form factor, responsiveness, and energy demand to
achieve effective and comfortable tactile communication (cf. Table 2.1)
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2.4 Types and Functional Principles of Vibrotactile Actuators

Table 2.1. Comparison of Haptic Actuators and Their Characteristics

Actuator Operating Principle Typical Key Characteristics
Type Frequency

Range
Eccentric A DC motor spins an off- 80—150 Hz Low cost and widely used; simple
Rotating center mass to produce alerts, but slow response and limited
Mass (ERM) vibration. control.
Linear Reso- A mass—spring system 150—250  Efficient and faster than ERM, but
nant Actua- oscillates at its resonant Hz limited to a narrow frequency band.
tor (LRA) frequency.
Piezo- Piezo materials deform 100—1000 Very fast and precise; suitable for
electric when voltage is applied. Hz high-fidelity haptics but requires
Actuator high voltage.
Voice Coil A coil moves in a mag- 10—-500+  Wide frequency range with precise
Actuator netic field using the Hz waveform control; often used in re-
(VCA) Lorentz force. search systems.
Electroac-  Soft polymers deform 1-100 Hz  Flexible and wearable-friendly, but
tive Polymer under electrical stimula- with low force output and slower re-
(EAP) tion. sponse.
Shape Metal alloy changes 0-10 Hz  Large deformation and silent motion,
Memory shape when heated by but slow and energy inefficient.
Alloy (SMA) an electric current.
Pneumatic  Air pressure inflates 0—50 Hz  Produces pressure or air-puff feed-
/ Air-Based chambers or produces back; safe and soft but requires
Actuator air pulses. pumps and responds slowly.
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3 Methodology and Materials

This chapter outlines the experimental design, apparatus, and analytical procedures
used fo investigate the spatial, spectral, and temporal dimensions of Vibrotactile
perception on the forearm. The methodological approach was designed to systemat-
ically evaluate perceptual performance under controlled stimulus variations, aligning
directly with the thesis research questions. A combination of psychophysical testing
paradigms and quantitative statistical analysis was employed to ensure rigorous and
reproducible assessment of tactile discrimination and recognition accuracy.

3.1 Method

Forced-choice paradigms were used in the discrimination experiments, where
participants evaluated the relationship between consecutively presented stimuli.
Depending on the experimental condition, participants indicated whether the stimuli
were perceived at the same location or in different directions relative to each other.
This approach enabled precise evaluation of perceptual sensitivity to variations in
frequency, intensity, and spatial configuration.

For vibrotactile pattern identification, participants received patterned vibration
sequences presented either sequentially or simultaneously and were instructed to
reproduce the perceived pattern using a keypad interface. This method directly
assessed vibrotactile pattern recognition, memory encoding, and reconstruction
ability, providing insight into how tactile information is processed and translated
into symbolic responses. Recognition accuracy served as the main performance
metric.

Together, these complementary methods formed a robust experimental frame-
work for examining Vibrotactile perception. By integrating discrimination-based
forced-choice testing with keypad-based pattern reproduction, the thesis provides
an in depth understanding of how users perceive, differentiate, and recognize
structured Vibrotactile information.

Ethical considerations were addressed in accordance with standard research
practices for human-participant studies. A general application covering the tactile
perception experiments conducted in this thesis was submitted to the National
Bioethics Committee of Iceland (Visindasidanefnd). The committee reviewed the
application and determined that the project falls outside the scope of health research
and therefore does not require formal ethical approval.

All experimental procedures were conducted in accordance with established
ethical principles for human-participant research. Participation was voluntary, and in-
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3 Methodology and Materials

formed consent was obtained in writing from all participants prior to the experiments.
Participants were informed of the study procedures and their right to withdraw at
any time without consequence. All collected data were anonymized and handled
confidentially.

Vibrotactile stimuli were generated using an audio-based hardware system,
which provided precise control over parameters including frequency, amplitude, du-
ration, and location of application on the forearm. Depending on the experimental
condition, stimuli were delivered to different forearm regions, and participant re-
sponses were collected using a custom-designed keypad that automatically recorded
key performance metrics such as accuracy and reaction time.

Statistical analysis of the data was conducted using Analysis of Variance (ANOVA)
to assess the effects of various stimulus parameters and their interactions. Repeated
Measures ANOVA was utilized for within-subject comparisons across experimental
conditions. Where appropriate, post-hoc comparisons were performed.

3.2 Overview of Vibrosleeve

The Vibrosleeve was designed as a flexible experimental platform to systematically
investigate how spatial, spectral, and temporal properties of Vibrotactile stimulation
influence tactile perception on the forearm. Voice coil actuators (VCAs; Model:
Lofelt L5) were utilized to generate Vibrotactile stimulation, as illustrated in Figure 3.1.
VCAs offer several distinct advantages, including rapid response times, high force
density, and broad versatility for integration into wearable systems. Most importantly,
they allow independent control of both frequency and amplitude, enabling the
delivery of rich and customizable Vibrotactile feedback. These capabilities were
essential for the aims of this research: the wide frequency range and precise
controllability of VCAs directly supported the investigation of frequency sensitivity
and anatomical effects, while their fast response and low-latency operation were
critical for examining temporal sequencing and interstimulus intervals. The system is
not limited to binary on—off feedback but allows continuous Vibrotactile modulation.
Alternative actuators such as ERMs, LRAs, or piezoelectric devices were considered
but ultimately dismissed due to limitations in bandwidth, controllability, or latency.
In the initial design, the actuators were mounted on a soft, thin fabric to ensure a
snug fit and efficient transmission of tactile stimuli to the forearm.

Voice coil actuators (VCAs) were positioned longitudinally along the forearm;
however, the direction of their vibrational motion was transverse to the forearm,
i.e., perpendicular to its longitudinal axis and parallel to the skin surface. This
orientation was intentionally selected to limit the propagation of mechanical vibra-
tions along the length of the forearm. Vibrations propagating longitudinally may
increase mechanical coupling between neighboring stimulation sites, potentially
resulting in perceptual overlap and reduced spatial discrimination. By directing
the actuator motion transversely across the forearm, rather than along its length,
the configuration was intended to reduce longitudinal vibration propagation and
inter-actuator interference, thereby promoting greater spatial separability and more
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3.2 Overview of Vibrosleeve

accurate localization of individual tactile stimuli.

The experimental setup incorporated a custom-designed Vibrotactile sleeve,
referred to as the Vibrosleeve, constructed from Power Mesh fabric composed of
90% nylon and 10% spandex. This material was selected for its balance of comfort,
flexibility, and wearability.

To accommodate varying forearm sizes, adjustable stretch straps with Velcro
fasteners were employed to secure the sleeve in place. Actuator enclosures were
3D-printed directly onto the fabric using a Prusa MK3s 3D printer and Prusa Slicer
software, with PLA as the chosen material. This direct printing approach ensured that
the actuators could vibrate without obstruction. Crucially, there were no intervening
fabric layers between the actuator enclosures and the skin.

Figure 3.1. (a) Voice coil actuator (Model: Lofelt L5), (b) Enclosure on fabric mesh
before actuator insert, (c) The printing was executed using a Prusa MK3s 3D printer
and Prusa Slicer, (d) Enclosure slicing preparations. Paper-I

The Lofelt L5 actuators used in the system measure 17.0 mm in width, 20.5 mm
in depth, and 6.2 mm in height.The custom-designed enclosures were used to
house the actuators, with each actuator and its enclosure vibrating as a single unit,
allowing the actuators to move freely without contacting the enclosure walls, even at
maximum displacement.

Inside the enclosure, the actuator is positioned to generate vibrations parallel
to the skin surface and perpendicular to the longitudinal axis of the forearm. This
orientation facilitates effective transmission of vibratory stimuli while minimizing the
risk of discomfort or injury. The enclosure plays a critical role in ensuring safe and
stable Vibrotactile feedback delivery. Its precise fit with the actuator allows the two
components to operate as a unified system, eliminating the possibility of exposure
to sharp actuator edges that could irritate the skin or compromise the structural
integrity of the fabric.

Fabricated with a smooth outer surface, the enclosure remains lightweight and
unobtrusive. This design prioritizes both functional reliability and user comfort
during prolonged use.
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3 Methodology and Materials

For stimulus presentation, the system utilized a high-fidelity audio signal chain
comprising a digital audio interface (RME MADIface XT), digitalto-analog converters
(Ferrofish A32), multi-channel amplifiers, and Lofelt L5 voice coil actuators. The RME
MADIface XT managed multi-channel audio output, which was converted into analog
signals via the Ferrofish A32. These signals were then amplified and delivered to
individual actuators embedded in the Vibrotactile sleeve.

The actuators were connected through wired channels, allowing precise and
independent control of frequency and amplitude for each unit. This setup en-
sured low-latency, synchronized, and high-resolution tactile stimulation, suitable for
delivering complex and dynamic Vibrotactile patterns across the forearm.

In the initial version of the Vibrosleeve, three actuators were positioned longi-
tudinally along the forearm to produce tangential vibrations perpendicular to the
forearm’s length. This minimal configuration was deliberately chosen to facilitate
early-stage psychophysical testing, enabling controlled and simplified experiments
focused on evaluating basic tactile perception. Empirical studies conducted with
this prototype generated foundational insights that directly informed subsequent
design iterations.

While increasing the number of actuators could, in theory, enhance the resolu-
tion and bandwidth of Vibrotactile communication, practical constraints—such as
the physical dimensions of the forearm and the need to avoid signal overlap—ne-
cessitated careful consideration of inter-actuator spacing.To determine actuator
spacing that enables high discrimination accuracy, psychophysical experiments
were conducted using five different inter-actuator distances.

The results demonstrated that inter-actuator distances of 20 mm yielded dis-
crimination accuracy rates between 90% and 92%, outperforming smaller spacing
conditions that led to perceptual confusion and lower accuracy. These findings
supported the fine-tuning of actuator spacing to approximately 20 mm, providing
a practical balance between information density, perceptual performance, and
wearable design constraints.

In the second revision of the Vibrosleeve, six Vibrotactile actuators were in-
corporated to convey Braille-like tactile patterns through the skin of the forearm.
Increasing the number of actuators allowed for more complex and information-rich
tactile representations, expanding the communication capacity of the system. The
actuators were arranged in a 3 x 2 grid, inspired by the traditional six-dot Braille
cell layout, and aligned longitudinally along the forearm.

This design iteration was evaluated in a study aimed at developing a wearable
Vibrotactile sleeve capable of effectively conveying symbolic tactile information.

The results demonstrated significantly high accuracy in pattern recognition, with
an average performance of 93.24% for Braille-like stimuli presented sequentially.
These findings highlight the benefits of sequential stimulation, which offers enhanced
perceptual clarity and minimizes signal overlap. The outcomes strongly support
the feasibility of delivering symbolic information through tactile stimulation on the
forearm and have been published in Papers Ill and IV.
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3.2 Overview of Vibrosleeve

Figure 3.2. (a) The Vibrosleeve  (b) The audio hardware consists of a digital audio
interface (RME MADIface XT), digitalto-analog converters (Ferrofish A32),
multi-channel amplifiers, and parallel vibrating voice coil actuators (Lofelt’s L5).
Using this setup, up to 32 tactile channels can be controlled independently. The
multi-channel amplifier is an in-house design based on a Texas Instruments amplifier
and recommended circuit design. The MADIface XT receives information from a
computer via a USB cable and sends the signal to the Ferrofish A32
analog-to-digital/digitalto-analog (AD/DA) converter. The Ferrofish A32 then sends
the signal to the amplifier, which in turn delivers the amplified signal to the
actuators. Paper-|

g4,
1Ol

Figure 3.3. (a) Overview of the primary design of the Vibrosleeve, Enclosures were
3D-printed onto the fabric. ;(c) Vibrosleeve on forearm, generating Braille patterns
through sequential actuator activation in our primary investigation. (c) Vibrosleeve
is connected to an audio interface. Paper-lil
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(a)

(b)

(c)

Figure 3.4. (a) Braille dots; (b) Assignment of six Braille dots to the six actuators in
the primary design of the Vibrosleeve;(c) Placement of six voice coil actuators
assigned for six Braille dots on the Vibrosleeve. Paper-lll
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4 Summary of Publications

This chapter presents the empirical core of the thesis by summarizing the peer-
reviewed publications that directly address the three thesis objectives (TO1-TO3).
Each summary highlights the research questions, experimental approach, key find-
ings, and contributions, thereby integrating the results into the broader framework
of the thesis.

4.1 Evaluating the Optimum Distance between Voice
Coil Actuators Using the Relative Point Localiza-
tion Method on the Forearm

N. Yeganeh, |. Makarov, S. S. Stefansson Thor, A. Kristjdnsson, R. Unnthorsson,
'Evaluating the Optimum Distance between Voice Coil Actuators Using the Relative
Point Localization Method on the Forearm’, Actuators, vol. 12, no. 1, 2023 https:
//doi.org/10.3390/act12010006

This study examines the minimum spacing between Lofelt L5 voice coil actuators
on the forearm necessary for accurate spatial discrimination of Vibrotactile stimuli.
As Vibrotactile feedback becomes increasingly important in wearable and assis-
tive technologies, the forearm presents a practical site for hands-free interaction.
However, its relatively low tactile acuity compared to the fingers demands careful
actuator placement to ensure perceptual clarity. If actuators are placed too closely,
users may be unable to distinguish between distinct stimuli.

To address this, a Relative Point Localization (rPL) task was employed. The
experiment involved eight participants, each completing 240 trials on both the
upper and underside of the forearm. In each trial, pairs of Vibrotactile stimuli were
delivered sequentially in a randomized order between each two adjacent actuators
on the tactile sleeve. Participants were instructed to identify the perceived direction
of the second stimulus relative to the first (up, down, or same). Five custom-designed
sleeves with actuator interspacings of as close as physically possible, 5 mm, 10 mm,
15 mm, and 20 mm, were evaluated on both the upper and underside of the
forearm.

Each sleeve contained three longitudinally aligned actuators embedded in
3D-printed enclosures on stretchable Power Mesh fabric. Tangential vibrations
were delivered using a calibrated multichannel audio system, maintaining constant
stimulus intensity across trials. The prototype was connected to the audio hardware
via wired interfaces.
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4 Summary of Publications

Figure 4.1. (a) The five Vibrotactile sleeves with different interspacing between
actuators that were used in the experiment;(b) A participant wearing a Vibrotactile
sleeve with his hand on the cushion, using the headphone to block out external cues
and responding to the Vibrotactile feedback by pressing the correct key on the
wireless keyboard. Paper-|

The audio hardware consisted of four main components: a digital audio interface
(RME MADIface XT), digitalto-analog converters (Ferrofish A32), multichannel
amplifiers, and the parallel vibrating voice coil actuators (Lofelt L5). The MADIface
XT received information from a computer via a USB cable and transmitted the signal
to the Ferrofish A32 analogto-digital/digital-to-analog (AD/DA) converter. The
Ferrofish A32 then conveyed the signal to the amplifier, which subsequently sent
the amplified signal to the actuators.

A two-way repeated measures ANOVA was conducted with the factors forearm
side (upper vs. lower) and actuator interspacing (as close as physically possible,
5 mm, 10 mm, 15 mm, 20 mm), followed by Bonferroni-corrected post hoc tests
to assess the significance of differences in localization accuracy between spacing
conditions and forearm surfaces. The two-way ANOVA also enabled analysis of the
interaction between these two factors—specifically, whether the effect of interspacing
varied between the upper and lower forearm.

The results revealed that a 20 mm spacing between Lofelt L5 actuators produced
the highest localization accuracy, reaching 90% on the upper forearm and 92% on
the underside. Post hoc analysis indicated a significant difference in discrimination
accuracy when using the wearable device with 20 mm inter-actuator spacing. How-
ever, no significant difference was observed between the upper and underside of
the forearm.

These findings indicate that a spacing of 20 mm is necessary for reliable spatial
discrimination, providing key design guidance for forearm-mounted haptic devices
(all detailed statistical data are available in Paper |, Chapter 6).
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Localization Method on the Forearm
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Figure 4.2. Box-whisker plot comparing the accuracy (percent correct, y-axis)
between the five different tactile sleeves with various inter distances between
enclosures (x-axis) Distribution of correct localization responses on the upper
forearm for different inter-actuator spacings. Boxplots show the median, interquartile
range, and overall spread of responses. An upward shift in the distributions is
observed as actuator spacing increases, indicating higher localization accuracy
and reduced variability at larger spacings. : (a) The percent correct for the upper
side of the forearm; (b) The percent correct for the underside of the forearm. Paper-I
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4.2 Effects of Stimulus Frequency and Location on
Vibrotactile Discrimination Performance Using
Voice Coil Actuators on the Forearm

N. Yeganeh, |. Makarov, R. Unnthorsson, A. Kristjansson, 'Effects of Stimulus
Frequency and Location on Vibrotactile Discrimination Performance Using Voice
Coil Actuators on the Forearm’, Actuators, 2024, 12, 224 https://doi.org/
10.3390/act12060224.

Precise localization of Vibrotactile stimuli is essential for applications that convey
tactile information, such as wearable communication systems and sensory substi-
tution devices. This study investigates how vibration frequency and stimulation
location influence the ability to localize Vibrotactile stimuli on the forearm.

To evaluate the ability to distinguish Vibrotactile stimuli based on frequency and
anatomical location on the forearm, a Relative Point Localization (rPL) method was
employed. Eight participants took part in the experiment, with each participant
presented with 96 pairs of sequential Vibrotactile stimuli delivered at three distinct
locations on the forearm. Participants were asked to determine whether the second
stimulus occurred at the same location as the first or not. Stimulation frequencies
of 100 Hz, 150 Hz, 200 Hz, and 250 Hz were tested, covering the range to
which human observers are most sensitive, while the stimulation amplitude was held
constant. The results indicate that discrimination performance was not significantly
affected by variations in vibration frequency within the tested range. In contrast,
localization accuracy was strongly dependent on stimulation location, with the
highest accuracy observed near the wrist and elbow—regions that may function as
tactile anchor points. These findings highlight the critical role of anatomical location
in precise Vibrofactile localization and underscore the importance of location-aware
design in forearm-mounted Vibrotactile systems.

The ability to localize Vibrotactile stimuli was not significantly affected by fre-
quency variations within the tested range. However, based on ANOVA statistical
analysis, stimulation location had a strong impact on localization performance. The
highest accuracy was observed at positions near the wrist and elbow, suggesting
these regions may serve as tactile anchor points due to anatomical or perceptual
factors.

Although frequency variation between 100—250 Hz does not impair localization
accuracy, stimulus location plays a critical role in Vibrotactile spatial perception on
the forearm.The observed effect of stimulation location can be interpreted in light
of the receptive field properties of Pacinian corpuscles, which have large receptive
fields and are particularly sensitive to high-frequency vibration. These receptors
are more effectively activated near bony structures, joints, and tendons—such as
those found near the wrist and elbow—where mechanical transmission of vibration
is enhanced. In addition,Prior work by Cholewiak and colleagues has shown
that salient anatomical landmarks can function as perceptual anchor points [69].
supporting more reliable spatial localization by providing stable reference locations
along the body. The wrist and elbow may therefore serve as such landmarks,
facilitating improved localization performance compared to more uniform regions
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4.2 Effects of Stimulus Frequency and Location on Vibrotactile Discrimination Performance
Using Voice Coil Actuators on the Forearm

of the forearm.

The stimulation frequencies selected for this experiment (100—250 Hz) fall
within the range of highest human Vibrotactile sensitivity [81] , ensuring that stimuli
were perceptually detectable across all frequency conditions tested. Frequency
alone did not significantly affect localization performance, and no significant inter-
action between frequency and stimulation location was observed. Nonetheless, the
location-dependent effects are likely influenced by regional differences in receptor
recruitment, mechanical coupling, and the availability of anatomical reference cues
across the forearm. These findings highlight the importance of strategic actuator
placement in the design of forearm-mounted haptic devices to ensure reliable and
effective tactile communication.
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Figure 4.3. (a) Discrimination accuracy across five stimulus pair conditions on the
forearm: (1) both stimuli near the wrist, (2) both near the elbow, (3) both at the
middle actuator, (4) one at the middle and one at the wrist, and (5) one at the
middle and one at the elbow (or vice versa). (b) Accuracy distribution for the first
stimulus ST and the second stimulus S2 as a function of vibration frequency. Paper-Il
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4.3 Discrimination Accuracy of Sequential Versus Si-
multaneous Vibrotactile Stimulation on the Fore-
arm

N. Yeganeh, |. Makarov, A. Kristjdnsson, R. Unnthorsson, 'Discrimination Accuracy
of Sequential Versus Simultaneous Vibrotactile Stimulation on the Forearm’, Applied
Sciences 2024; 14 (1): 43, https://doi.org/10.3390/app14010043.

This study investigates the effectiveness of different presentation modes—specif-
ically, sequential versus simultaneous Vibrotactile stimulation—in conveying Vibro-
tactile patterns to the forearm using a haptic wearable sleeve. The overarching goal
is to enhance tactile communication systems for the visually impaired by identifying
optimal stimulus presentation methods and design parameters.

A custom-designed Vibrotactile sleeve, inspired by the Braille dot structure and
equipped with a 3 x 2 array of voice coil actuators (Lofelt L5), was used to deliver
Vibrotactile patterns to the upper forearm. Eight normally sighted participants,
without prior knowledge of Braille, ook part in the experiment. Each participant
completed 168 trials in which Vibrotactile patterns were presented using either
simultaneous stimulation (1000 ms duration) or sequential stimulation (500 ms per
actuator with 450 ms interstimulus intervals).

The goal was not to assess the participants’ ability to identify the meaning
of the patterns, but rather their ability to accurately reproduce them. Fourteen
Icelandic Braille-based patterns—classified as short (2—3 actuators) or long (4—5
actuators)—were tested across 168 randomized trials. Participants were asked to
reproduce the perceived patterns using a keypad.

Based on ANOVA results, accuracy was significantly higher for sequential
presentation (93.24%) compared to simultaneous presentation (26.15%), with shorter
patterns (97.19%) outperforming longer ones (89.29%).Additionally, a significant
interaction was observed between these two factors, indicating that the effect of
pattern length on recognition accuracy depended on the presentation method.
The marked performance reduction observed during simultaneous stimulation is
aftributable to spatial masking and perceptual fusion. Primacy and recency effects
were observed during sequential trials, indicating stronger memory retention for
stimuli presented at the beginning and end of sequences. A clear learning effect
also emerged across six experimental blocks, with recognition accuracy improving
over time. These findings emphasize the importance of incorporating training
sessions prior to device use.

Sequential stimulation is markedly more effective than simultaneous stimulation
for presenting Vibrotactile patterns on the forearm, particularly for shorter patterns.
The presence of memory and learning effects underscores the importance of
temporal dynamics and user training in tactile communication.

These findings inform the design of wearable Vibrotactile displays for hands-free,
on-body Braille reading and support the development of future sensory substitution
and assistive technologies for individuals with visual impairment.
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Forearm

Accuracy (%)
Accuracy (%)

100 9324 Comparing Accuracy and Learning Potential Across Six Blocks
90
100 ° ° ° °
80 EY ¢ *
70 80
60 g 70
60
50 50 —
40 40 ° . . -
R
20 26[12 30
20 o o
20 10 ¢ + ¥
10 0
0 0 1 2 3

4 5 6 7
Sequential Simultaneous Experimental Blocks
Stimuli presentation methods —e—Simultaneous A —@— Sequential A —@— Simultaneous B Sequential B
(a) (b)

Long patterns
98.50 e

9176 88.05 90.14
8158 81.22

© 0 B
888

= 70
< 0 ®
) 2 o
g =0 £ so0
5 E
K 1 o
< 30 — <
30
» i 20
10 —
10
o
0
Short patterns Long patterns
P e 1 2 3 4 5 6
M Sequential M Simultaneous Location
(c) (d)

Figure 4.4. (a) Accuracy for the two different stimulus presentation methods (b)
Performance across the six experimental blocks. The figure shows a clear learning
effect over time for both presentation methods and different pattern length (Short (A)
versus long (B) patterns). (c) Box-whisker plot comparing the accuracy (y-axis)
between the two different pattern lengths with different Vibrotactile presentation
methods, (x-axis). (d) Accuracy as a function of serial position of each individual
Vibrotactile stimulation during sequential presentation for long patterns (4-5
actuators). Paper-lll
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4.4 Vibrotactile Pattern Recognition: The Influence
of Interstimulus Intervals

N. Yeganeh, |. Makarov, A. Kristjdnsson, R. Unnthorsson, 'Vibrotactile Pattern Recog-
nition: The Influence of Interstimulus Intervals’, Virtual Reality & Intelligent Hardware,
2025: : 7 (5): p. 483—500, https://doi.org/10.1016/j.vrih.2025.06.001

The timing of interstimulus infervals (ISls) plays a critical role in users’ ability to
perceive and interpret Vibrotactile patterns accurately. Finetuning ISls can enhance
system effectiveness, improve user interaction, and support intuitive, reliable tactile
communication across a range of applications.

This study examined how varying ISls affect the accuracy of Vibrotactile pattern
recognition. Participants wore a forearm-mounted device featuring six Lofelt L5
voice coil actuators arranged in a 3 x 2 grid. Braille-based Vibrotactile patterns
were delivered sequentially at ISls ranging from 10 to 2500 milliseconds (ms).

A total of eight participants took part in the study, with each participant complet-
ing 192 trials.Eight participants completed identification tasks using Icelandic Braille
patterns categorized as short (2—3 actuators) or long (4—5 actuators). Repeated
measures ANOVA was used to evaluate the effects of interstimulus interval (ISI),
pattern type, and practice (across two testing blocks) on recognition accuracy.

For short patterns, the highest accuracy (92%—98%) was observed at ISls
between 50—700 ms, with peak performance at 300 ms. For long patterns, accuracy
ranged from 86%—94%, peaking at 400 ms. Participants consistently performed
better with short patterns, and recognition accuracy improved significantly over time
for both pattern types, highlighting the importance of practice and training.

These findings underscore the need for careful selection of ISIs in Vibrotactile
feedback systems to ensure accurate pattern recognition. The results offer prac-
tical insights for designing effective wearable tactile interfaces, enhancing factile
communication in applications that rely on precise Vibrotactile information delivery.
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4.4 Vibrotactile Pattern Recognition: The Influence of Interstimulus Intervals
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Figure 4.5. (a) The graph illustrates accuracy in recognizing short patterns (blue)
and long patterns (orange) across a range of interstimulus intervals (ISls).
Recognition accuracy is highest for both pattern types within a specific range of ISls,
reflecting optimal conditions for perception, (b) Box Plots Showing Accuracy
Distribution for Short and Long Patterns Across ISIs, ranging from 10 to 2500 ms.
Each box plot represents the median accuracy, interquartile range, and outliers for
each ISI. Short patterns generally show higher accuracy compared to long patterns
across most ISIs, with the highest accuracy occurring within a specific ISI range. The
spread and distribution of data highlights the variability in participant performance.
Paper-IV
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5 Discussion

The thesis set out to investigate the feasibility and fine tuning of forearm-based Vi-
brotactile communication by systematically examining spatial, spectral, and temporal
parameters through psychophysical studies. When viewed collectively, the four
empirical studies form a coherent body of evidence that both extends psychophysi-
cal understanding and establishes concrete design principles for wearable haptic
systems. The central narrative that emerges is that the forearm—long regarded as
a site of limited tactile acuity—can, under carefully finetuned conditions, support
reliable, information-rich communication.

The first study demonstrated that actuator spacing is a fundamental constraint
for spatial discrimination, underscoring its critical importance in the design of
wearable Vibrotactile devices.The first study demonstrated that actuator spacing
constitutes a fundamental constraint for spatial discrimination on the forearm. In
systems where multiple actuators are positioned in close proximity, establishing a
spacing that maintains perceptual separability between stimulation sites is critical.
Under the tested conditions, an inter-actuator spacing of approximately 20 mm
emerged as a practical distance that preserves high localization accuracy, while
also significantly improving Vibrotactile pattern recognition. At smaller spacings,
localization performance degraded due to increased mechanical coupling and over-
lap of tactile receptive fields. Maintaining high Vibrotactile localization accuracy is
particularly crucial in assistive technologies and sensory substitution devices, where
reliable perception directly affects usability, safety, and effective information transfer.
At the identified spacing, Vibrotactile stimuli remained reliably distinguishable,
yielding consistently high localization accuracy across participants. Importantly,
this value should not be interpreted as a universal anatomical limit, but rather as a
design-relevant benchmark specific to forearm-mounted voice-coil actuators and the
experimental parameters employed. As factile sensitivity varies substantially across
body regions, spatial design constraints must be adapted to the local perceptual
characteristics of the stimulation site.

The second study revealed that, within the mid-frequency range of 100—250 Hz,
variation in stimulation frequency had less impact on localization performance than
might be expected when amplitude was held constant. Several factors account for
this outcome. First, this range falls within the region of peak human Vibrotactile sen-
sitivity, where perceptual differences are less pronounced because the skin responds
broadly and robustly across the entire band. Second, Pacinian corpuscles—the
mechanoreceptors primarily responsible for detecting high-frequency vibration—are
optimally tuned to this range and exhibit overlapping sensitivity profiles, reducing
perceptual distinctiveness between frequencies. These findings suggest that, in
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practical forearm-mounted systems, anatomical location exerts a stronger influence
on perceptual accuracy than frequency variation within this range. Indeed, the data
show that factile acuity is consistently enhanced near joint regions such as the wrist
and elbow, indicating that the perceptual “map” of the forearm is structured rather
than uniform. This challenges the long-standing assumption that the forearm is char-
acterized by uniformly low sensitivity and highlights the importance of anatomical
landmarks as anchor points in the design of wearable haptic systems.

The third study advanced this line of investigation by exploring whether complex
information could be transmitted through touch, refining the Vibrosleeve platform
to deliver structured and transparent Vibrotactile cues. Braille-inspired patterns
were evaluated on the forearm to assess users’ ability to discriminate Vibrotactile
information. The results revealed that sequential presentation significantly improved
pattern recognition accuracy compared to simultaneous stimulation, confirming
the central importance of temporal sequencing in tactile communication. Addi-
tional factors, including pattern length and the influence of learning over repeated
exposures, were also found to affect discrimination performance, with practice
improving accuracy over time. By defining these parameters, the study provided a
methodological baseline for presenting structured information through the sense of
touch and laid the groundwork for sensory substitution devices capable of extending
tactile literacy beyond the fingertips, such as anchor points.

The fourth study examined temporal dynamics in greater detail, confirming that
sequential stimulation yields far superior recognition than simultaneous presentation.
By systematically varying interstimulus intervals (ISls) between 100 and 500 ms, the
study identified timing windows that optimized the balance between speed and
accuracy for sequential Vibrotactile codes. Furthermore, repetition effects demon-
strated that users could learn and adapt to novel Vibrotactile patterns, reinforcing
the potential for training-based scalability.

Studies on tactile acuity [63, 64] established that receptor density decreases
markedly from the fingertips to the forearm, which led many researchers to conclude
that the forearm is unsuitable for detailed tactile communication compared to more
sensitive regions such as the fingertips. The present work challenges this long-
standing assumption by demonstrating that, although the absolute sensitivity of
the forearm is indeed lower, effective communication is still achievable when
actuator spacing, and temporal sequencing are carefully calibrated. In other words,
perceptual limitations can be overcome through appropriate design strategies,
positioning the forearm not as a deficient site but as a viable substrate for scalable
Vibrotactile communication.

The insights gained in this work have broad implications across multiple domains.
In sensory substitution, Vibrotactile devices provide alternative channels for convey-
ing symbolic information, with Braille-inspired patterns on the forearm illustrating
how tactile literacy can be extended beyond the hands. In the context of literacy
and accessibility, systems such as the Vibrosleeve demonstrate high accuracy in
recognizing Braille-like patterns on the forearm, freeing the hands for other tasks
and enhancing user mobility. Unlike electronic Braille notetakers, these wearables
integrate seamlessly into daily life, offering dynamic realtime feedback and the
capacity to display calendar information, navigation cues, or graphical content
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through spatially encoded tactile signals. Beyond literacy, in assistive technology,
Vibrotactile systems can deliver silent and reliable cues for individuals with hearing
or vision impairments, while in prosthetics they may compensate for lost sensation
by providing artificial factile input through the device. In AR/VR environments,
forearm-mounted haptic arrays can enrich immersion without interfering with manual
interaction, and in professional contexts they can provide discreet nofifications or
situational alerts when auditory or visual channels are overloaded. In rehabilitation,
Vibrotactile feedback may support motor retraining by supplying supplementary cues
aligned with movement. Collectively, these applications underscore the broader
significance of this thesis, demonstrating that finetuned Vibrotactile communication
extends well beyond controlled experiments to enable inclusive, functional, and
context-aware human—technology interaction.

In conclusion, this thesis contributes to both fundamental knowledge and applied
design. It provides definitive answers to six interlinked research questions, synthe-
sizes four empirical studies into a coherent framework, challenges longstanding
assumptions about the forearm’s perceptual limitations, and establishes actionable
guidelines for system design. The overarching message is clear: Finetuning the
spatial, spectral, and temporal features of Vibrotactile stimulation can substantially
enhance the accuracy and reliability of Vibrotactile perception. Importantly, the
forearm functions as a largely passive body site, providing an opportunity to transmit
Vibrotactile cues without interfering with the hands, which remain free for everyday
tasks.

By integrating psychophysical insights with engineering practice, this work
advances the field of haptics and lays the groundwork for next-generation wearable
systems that are practical, inclusive, and transformative. From an engineering
perspective, the work contributes empirically validated design principles for real-
time, non-visual information communication using wearable devices. The findings
demonstrate that frequency-controlled Vibrotactile stimulation is not primarily used to
encode information directly, but rather to ensure perceptual salience and consistent
activation of relevant mechanoreceptor populations across anatomical locations.
While frequency variation within the tested range did not independently improve
discrimination accuracy, its controlled use supported reliable stimulus perception
when combined with optimized spatial layouts and carefully tuned temporal encoding
strategies.

The outcomes of this research have direct applications across multiple domains,
including assistive technologies for visually or hearing-impaired users, sensory
substitution systems, silent alerting and navigation aids, rehabilitation and motor
training tools, and immersive AR/VR interfaces. By enabling structured, low-latency
information transfer through touch, the proposed Vibrotactile framework supports the
development of systems that are practical, inclusive, and adaptable to environments
where visual and auditory channels are limited or overloaded.
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6 Conclusions

The primary objective of this thesis was to design and fine-tune Vibrotactile stimula-
tion parameters fo enhance the accuracy and usability of forearm-based wearable
communication systems. This objective was achieved through three interrelated in-
vestigations: finetuning actuator spacing (TO1), examining the effects of frequency
variation and anatomical factors (TO2), and analyzing temporal factors and pattern
recognition (TO3).

Together, these studies form a coherent and evidence-based framework for
advancing Vibrotactile communication. The central outcome of this work is that
careful finetuning of spatial, spectral, and temporal features significantly improves
Vibrotactile perception on the forearm. The contributions of this research can be
summarized as follows:

- Spatial fine-tuning: Establishing empirically derived adjustments to actuator
spacing that support reliable stimulus discrimination

- Anatomical and spectral insights: Providing guidelines on how stimulation
location and vibration frequency interact to influence tactile perception.

- Temporal encoding principles: Identifying timing parameters and sequencing
strategies that maximize recognition accuracy.

- Methodological advancement: Developing validated psychophysical ap-
proaches for assessing wearable haptic systems.

- Prototype development: Development of the Vibrosleeve as an experimental
platform for investigating forearm-based vibrotactile communication.

Collectively, these contributions address longstanding gaps in haptic interface
design by shifting the focus from anatomical limitations to design optimization. They
provide actionable principles for developing perceptually finetuned, user-centered
Vibrotactile systems with relevance for assistive technologies, sensory substitution,
immersive AR/VR environments, prosthetics, and silent communication platforms.

6.1 Answers to the research questions
This section provides explicit answers to the research questions presented in Chap-

ter 1. The answers synthesize the findings across the included publications and
demonstrate how the thesis objectives were achieved.
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RQ 1: What is the minimum actuator spacing required to achieve high spatial
discrimination accuracy?

The experiments reported in Paper | demonstrated that actuator spacing sig-
nificantly influences tactile localization accuracy on the forearm. A spacing of
approximately 20 mm was found to provide reliable spatial discrimination, yielding
localization accuracies of approximately 20—92% across the forearm. Localization
accuracy was comparable on the dorsal and ventral forearm surfaces, with no
statistically significant differences observed between them. These findings establish
a practical spatial resolution limit for forearm-based vibrotactile interfaces and in-
dicate that actuator interspacing is a critical parameter for achieving high spatial
discrimination accuracy.

RQ 2: How does Vibrotactile frequency influence tactile localization accuracy
across the forearm?

Results from Paper Il showed that Vibrotactile frequency within the tested range
of 100—250 Hz did not significantly influence localization accuracy when amplitude
was controlled. However, anatomical location had a strong effect on performance.
Stimuli delivered near anatomical landmarks such as the wrist and elbow produced
higher localization accuracy than stimulation at mid-forearm locations. These findings
indicate that actuator placement is more critical than frequency selection within the
tested range while the amplitude remains constant.

RQ 3: What is the effect of pattern length on recognition accuracy?

Findings from Papers lll and IV demonstrated that recognition accuracy decreases
as the Vibrotactile pattern length increases. Shorter patterns resulted in higher
accuracy and lower cognitive demand compared to longer patterns. This indicates
that tactile communication systems should favor compact pattern designs in order
to maximize usability and recognition performance.

RQ 4: How do Vibrotactile presentation methods impact recognition accuracy?

Paper Ill demonstrated that Vibrotactile presentation methods strongly influence
recognition accuracy. Sequential stimulation significantly outperforms simultaneous
stimulation, with recognition accuracy of about 93% compared to approximately 26%
for simultaneous presentation. Sequential presentation reduces perceptual overlap
among actuators and enables clearer processing of stimuli. Therefore, sequential
encoding provides a more effective strategy for Vibrotactile communication on the
forearm.

RQ 5: How do stimulus order and interstimulus interval affect tactile discrimina-
tion accuracy?

Results from Paper IV showed that Vibrotactile recognition accuracy depends
strongly on interstimulus interval (ISI). Optimal performance was observed within a
temporal window of approximately 100—500 ms. Serial position effects were also
observed, with stimuli presented at the beginning and end of sequences being
recognized more reliably than those in intermediate positions

RQ 6: Does sequential presentation accuracy improve with repeated exposure?

Experimental results in Paper Il demonstrated a clear learning effect across
experimental blocks. Recognition accuracy improved with repeated exposure,
indicating that users adapt to Vibrotactile communication systems over time. This
suggests that training can significantly enhance system performance in real-world
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applications.

Overall, the results confirm that Vibrotactile stimulation can be systematically
finetuned to support reliable and cognitively efficient information communication on
the forearm. Together, the findings establish empirically grounded and perceptually
fine-tuned design principles for wearable Vibrotactile communication systems.

6.2 Limitations

While this thesis advances understanding of forearm-based Vibrotactile commu-
nication, several limitations must be acknowledged. All studies were conducted
in controlled laboratory environments using a wired prototype. These conditions
minimized noise and distraction but do not capture the complexities of real-world
use, where users are mobile, multitasking, and exposed to competing sensory
inputs. The Vibrosleeve relied on a single actuator type (Lofelt L5 VCAs) in a fixed
configuration, providing experimental precision but restricting the generalizability
of findings to other actuator technologies, body sites, or wearable form factors.
Participants were drawn largely from student populations, resulting in a relatively
homogeneous group that limits insights info how factors such as age, sensory im-
pairments, skin type (e.g., hairy versus glabrous skin), or prior haptic experience
may influence perception. Moreover, the studies isolated spatial, spectral, and
temporal parameters for clarity, whereas practical systems will need to integrate
these dimensions simultaneously, raising questions of scalability and complexity.
In addition, the research focused on shortterm perceptual performance, leaving
unanswered questions about longterm learning, adaptation, retention, comfort,
and fatigue during extended use. Finally, the experiments employed a uniform
setup for all participants and did not account for individual differences in tactile
sensitivity. Since perceptual thresholds vary widely across individuals, future systems
should incorporate adaptive calibration—potentially using machine learning—to
tailor stimulation parameters to personal sensitivity profiles and user preferences.

6.3 Future Work

Each of these limitations points directly toward promising avenues for future research:

1. From laboratory to real-world environments
Future studies should evaluate performance in dynamic, everyday contexts
where users are mobile, multitasking, and surrounded by competing sensory
input. This will validate ecological robustness and practical usability.

2. Expanding actuator and body-site diversity
Research should explore alternative actuator technologies, smaller actuators,
and other body sites such as the torso, upper arm, or back. This will enable
adaptable, generalizable design principles.
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. Inclusive and diverse user festing

Future work should involve participants with diverse tactile sensitivity profiles,
including older adults and individuals with sensory impairments. Expand-
ing the participant base in this way will enhance inclusivity and ensure that
wearable haptic systems are designed for broader usability and real-world
applicability.

. Longitudinal studies on learning and retention

Extended investigations are needed to examine how users internalize Vibro-
tactile codes, how recognition performance evolves with practice, and how
factors such as adaptation, fatigue, and cognitive load influence longterm
and sustained use.

. Adaptive and intelligent systems

Machine learning—driven personalization, incorporating calibration signals
based on individual factile sensitivity profiles, could enable wearable sys-
tems to dynamically adjust stimulation parameters to each user’s perceptual
thresholds. Such adaptability would enhance comfort, improve efficiency, and
support longterm adoption by ensuring that Vibrotactile feedback remains
both perceptually salient and tailored to the user over time.
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Abstract: While vibrotactile stimulation shows promise for sensory substitution devices, a crucial
question concerns vibrotactile spatial resolution. We examined the optimum distance between three
voice coil actuators (model: lofeltL5) on the forearm. Three actuators were embedded in a fabric-based
vibrotactile sleeve where the actuators were placed in enclosures 3D-printed on the fabric. We used
the relative point localization method where observers must discriminate whether two successive
stimulations are in the same location or not. The resolution was measured for five vibrotactile sleeves,
each with different distances between the actuators on the longitudinal axis of the forearm. The
various distances were tested in a random order. In experiment one, pairs of stimuli were delivered
sequentially in a random order to two adjacent actuators of the tactile sleeve on the upper side of the
forearm. The task was to identify the perceived direction of the second stimulation (up, down, or the
same) relative to the first one. Experiment two involved the same procedure but for the underside
of the forearm. Taking the restrictions of the physical dimensions of the forearm and the design
check for considerations into account, our results suggest that 20 mm is the optimum distance between the
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locations [6—14]. Some studies have indicated that results on the 2PT task can be contami-
nated by non-spatial cues that may result in inflated estimates of spatial acuity. For instance,
two points might feel further apart than they actually are. These cues can also be temporal.
If the two points stimulations are not applied simultaneously, the participant may perceive
two contacts even if they are unable to spatially discriminate the points. Magnitude cues,
where interactions between stimuli are not expected at the single-neuron level, can also
affect performance. The two-point orientation threshold (2POT), where participants must
discriminate the orientation (horizontal vs. vertical) of two points of contact, may be a
better measure of spatial acuity, since it avoids the non-spatial cues [15-17].

It is also important to note that tactile spatial acuity differs by body part [18]. For
example, the 2PT is much larger on the forearm than on the fingertips [4,19,20]. Reports of
2PT results should always be accompanied by a detailed description of how the test was
conducted [16,21,22], because different protocols and tools have been used [23]. Notably,
other findings show that training may influence 2PT measurements [24,25]. Moreover,
other methods, such as tracking of absolute point localization (PL), have revealed a lower
value than the 2PT [4,6]. Despite these controversies, 2PT remains a valuable resource [4].

Even though acuity for tactile point stimulation has been investigated extensively,
less is known about vibrotactile spatial acuity. Our research group has studied vibrotactile
devices over the last few years [26-29]. The aim has been to gain knowledge about the
qualities of vibrotactile perception for potential use in sensory substitution devices [29]. We
have, for example, investigated the relative vibrotactile spatial acuity in the back region of
the human body using coin cell motors, finding the minimum threshold by decreasing the
center-to-center inter tactor distance. The measured minimum threshold was 13 mm from
center to center (c/c). Note that this threshold only applies to the central area of the back
and cannot easily be generalized to other body parts [26].

Another way of measuring the spatial accuracy of the interspacing between localized
stimuli in tactile displays is by applying the point localization (PL) method. The method has
been widely used to analyze spatial acuity for different interspacings between stimulators.
This method has been used to measure absolute spatial acuity [30], where the vibrotactile
stimulus was presented at fixed distances. The task was to identify the location of the
vibrating actuator in the array. Lindeman and Yanagida [31] tested absolute localization
accuracy using prototypes with different numbers of tactors embedded on the subjects’
backs. The highest accuracy was found for inter-tactor spacings of 60 mm, with 84%
accuracy on the discrimination task. Cholewiak [30] investigated spatial accuracy using
the PL method, presenting the stimuli on the abdomen. Performance was a function of
separation among loci and, most significantly, of the location on the trunk.

Because of potential problems with the 2PT and PL methods as discussed above, some
researchers have instead recommended the use of the relative point localization method
(rPL) [32-34], where observers must discriminate whether two successive stimulations are
in the same location or not, and this is the method that we chose for our measurements.

2. Materials and Methods
2.1. The Current Goals

Our aim was to evaluate the optimum interspacing between Lofelt L5 voice coil
actuators on the forearm. Our aim was to find the minimum distance where two vibrotactile
stimulations can be discriminated with high accuracy. The goal was to use the results to
optimize the structure of a vibrotactile sleeve in sensory substitution devices. We used
the relative point localization method (rPL) on both sides of the forearm, measuring the
relative spatial acuity for vibrotactile stimulation. The aim was to formulate guidelines for
minimum intervals for successful separation of different loci of stimulation from the voice
coil actuators (Lofelt L5) on the forearm. The relative point localization task measured
observers’ ability to determine the direction of a second stimulus relative to the initially
presented one on each trial. The forearm has limited space to place multiple actuators
next to each other laterally, and we therefore tested different distances in the longitudinal
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direction. The feasible upper limit is therefore set by how far apart the actuators can be
placed, considering that the forearms of potential users will differ in length.

Our results indicate that a distance of 20 mm is the best distance between actuators
on both sides of the forearm, when the spatial limits on design are considered. The results
of this study will be helpful for the continued development of our current design of the
vibrotactile sleeve and provide valuable insights for the creation of forearm-mounted vi-
brotactile displays using voice coil actuators (Model: Lofelt L5) by providing information
regarding the optimum distance between actuators along the forearm.

2.2. Equipment and Setup
2.2.1. Actuators

Voice coil actuators (model: Lofelt L5) were employed to generate vibratory stimula-
tion (Figure 1A,B). The L5 actuator is an extended-band actuator that allows independent
manipulation of the frequency and amplitude utilized in implementing haptic stimulation
for many scientific purposes. Their high acceleration, light weight, high efficiency, and
inexpensiveness, along with other advantages, make voice coil actuators ideal for various
vibrotactile displays. The Lofelt L5 voice coil actuator provides parallel vibrations on the
skin [35]. In this study, the actuators were embedded in housings that were 3D-printed
on a power mesh fabric material. Tables 1 and 2 show the physical, haptic, and electrical
characteristics of the Lofelt L5 [35].
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Figure 1. (a) Technical and dimensional information for the L5 voice coil actuator, and (b) the voice
coil actuator (Model: Lofelt L5) used in this study [35].

Table 1. Physical Characteristics of Lofelt L5 [35].

Atrest: 17.0 x 20.5 x 6.2 mm
Max displacement: 17.0 x 25.5 X 6.2 mm

Weight 6g+/—05¢g

Dimensions (W x D x H)
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Table 2. Haptic, Electrical, and Acoustic Characteristics of Lofelt L5 [35].

Maximal Voltage 1.4 Vrms at f0

Resonance Frequency (f0) 65 Hz & 5%

Frequency Range Min. 0.5 G over 35 Hz-1 kHz
Nominal Impedance 8 atf0

Power Handling Maximum: 320 mW

Average at medium volume: 10 mA, bass music use-case

Current Consumption . .
p Average at maximum volume: 57 mA, bass music use-case

Several different versions were tested for the enclosure design. The final design
involved 3D-printing the enclosure for the actuator straight onto the fabric material
(Figure 2B). The enclosures allow the actuator to vibrate freely. The physical dimensions
of L5 actuators are W: 17.0 x D: 20.5 x H: 6.2 mm, and when vibrating at maximum
displacement, they are W: 17.0 x D: 25.5 x H: 6.2 mm (Table 1). The dimensions of the
enclosures are W: 17.0 x D: 28 x H: 6.2 mm (Figure 2A,B).

eTr

(b)

Figure 2. (a) Overview of designing the Lofelt L5 actuators along the forearm; and (b) an example of
a wearable vibrotactile sleeve and the configuration of the actuators.

A Prusa Slicer and a Prusa MK3s 3D printer were used to print the actuator housing.
The fabric works as a scaffold to hold the actuators in place on a flexible and elastic surface.
The actuators are firmly fastened inside the enclosures. There are no fabric layers between
the actuators and skin on the stimulation surface (point of contact). In addition, the thin, flat
surface of the plastic case is connected to the skin directly and transmits the vibration signals
to the skin. Accordingly, the vibration is transmitted to the user’s forearm through the thin
(the thickness is approximately 2mm) surface of enclosures against the skin resulting in
a back-and-forth vibration parallel to the skin’s surface. Enclosures prevent the moving
permanent magnet inside the L5 casing from scratching against the participants’ skin or
causing damage to the elastic material.

2.2.2. Tactile Sleeve and Hardware

Five soft and thin fabric-based vibrotactile sleeves were used in this experiment. A
Power Mesh fabric was used (Power Mesh fabric material: 90% nylon and 10% spandex),
which made the wearable sleeve comfortable and user-friendly. Stretch straps with Velcro
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were used to secure the haptic sleeve onto the forearm and to make it easy to adjust
according to the thickness of the user’s forearm. The wearable tactile sleeves each consisted
of three voice coil actuators (Lofelt L5) that were placed in housings that were 3D-printed
onto the fabric. The actuators were laid along the forearm in 3 x 1 array (longitudinal
orientation) that caused tangential vibration and lateral skin stretch. In this study, five
vibrotactile sleeves with different inter-actuator spacings of 20 mm, 15 mm and 10 mm,
5 mm and as close as physically possible (no space between actuators, in other words
17 mm center-to-center) were used to evaluate the optimum inter-actuator distance that
would make two stimuli differentiable with high accuracy (Figure 2A,B and Figure 3). For
design reasons, the upper limit tested was the 20 mm separation between the actuators.

Figure 3. The five vibrotactile sleeves with different interspacings between actuators that were used
in the experiment.

The prototype was connected to audio hardware via wired interfaces. The audio
hardware had four main components: a digital audio interface (RME MADIface XT: IMM
Elektronik GmbH, Mittweida, Germany) [36], digital-to-analog converters (Ferrofish A32),
multichannel amplifiers, and voice coil actuators (Lofelt L5). The MADIface XT receives
information from a computer via a USB cable and sends the signal to the Ferrofish A32
Analog-to-Digital / Digital-to-Analog (AD/DA) converter. Ferrofish A32 then conveys the
signal to the amplifier, which then sends the amplified signal to the actuators [36].

2.3. Procedure

The sites assessed in the localization experiments were the upper and undersides of
the forearm. The upper forearm has mostly hairy skin, with a set of mechanoreceptors that
differs from those on the glabrous skin of the underside of the forearm [37]. Five different
tactile sleeves were tested (five different spacings between the actuators), with three voice
coil actuators placed on the longitudinal line on the forearm (causing tangential vibration
and lateral skin stretch), while the hand rested on pad support. Before the main experiment,
the procedure and tactile stimulation protocol were fully explained to the participants,
and their written informed consent was obtained. Before the main experiment began,
they completed a few training trials to familiarize themselves with the setup, apparatus,
and the vibratory stimulus. The experiments were performed in an anechoic chamber.
Two experiments were performed; one where the upper side of the forearm was stimulated
(experiment one, see Figure 4A) and one where the underside of the forearm was stimulated
(experiment two, see Figure 4B). The experiments were designed to determine the minimum
interspacing between actuators that we could use so that the different sites of stimulation
could easily be told apart.
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Figure 4. A participant wearing a vibrotactile sleeve with his hand on the cushion, using the

headphone to block out external auditory cues and responding to the vibrotactile feedback by
pressing the correct key on the wireless keyboard. There were two experiments: (a) on the upper side
of the forearm in experiment one; (b) and on the underside of the forearm in experiment two.

The duration of the two experiments was approximately 40 min for each partici-
pant. Each experiment consisted of five steps of five tactile sleeves (with different inter-
spacing between actuators) presented in a different random order for each participant.
Twenty-four trials were conducted for each tactile sleeve. Each test consisted of the se-
quential activation of two adjacent actuators with an interstimulus interval of 50 ms. This
time duration was chosen in light of the optimal delay range between sequential pulses
(between 20-250 ms) to minimize potential mislocalization [38]. The selected actuators
were turned on for 200 ms, and the intertrial time for the sequential trials was 500 ms. The
frequency and amplitude of all the stimuli were the same during all trials (100 Hz and
0.125 of Min 0.5G acceleration, respectively) to ensure that the vibration acceleration was
equal during all experiments due to the nonlinear frequency responses of our used actu-
ators. This ensured that all signals resulted in the same vibration intensity on the skin
during the test.

The participants were totally unaware of the particular vibrotactile patterns in a given
trial and the sleeve differences to avoid any biases.

2.3.1. Participants

Eight healthy individuals (aged 21-38 years, with a mean of 29 years) participated
in this study. They confirmed that they had no significant issues with exposure to hand-
transmitted vibrations. Each participant signed a written informed consent form.

2.3.2. Experiment One

The participants sat on a chair in the anechoic chamber, with their left hand resting
on the table on the padded support. During the experiments, the participants donned
noise-cancellation headphones that played white noise to mask environmental and me-
chanical noises. The tactile sleeve was attached firmly to the forearm by thin double-sided
adhesive Velcro. Five different vibrotactile sleeves were used, differing in the interspacing
between their actuators. Twenty-four pairs of vibrotactile stimuli were conveyed through
the voice coil actuators for each tactile sleeve. Each trial consisted of a pair of stimuli se-
quentially delivered to the forearm. The task was to indicate the perceived direction of the
second stimulus relative to the initial stimulus’ locus on each trial. In all the tests, the partici-
pants registered their responses by pressing one of the three buttons on a wireless keyboard
they held with their hand, indicating whether the second response was closer to the fingers,
closer to the elbow, or in the same location, relative to the first stimulation (Figure 4A).

2.3.3. Experiment Two

Experiment two involved the exact same procedure as experiment one, but this time,
the stimulation was presented on the underside of the forearm. The same five vibrotactile
sleeves used in experiment one were also used in experiment two, with the actuators placed
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equidistant in a line along the length of the underside forearm. This time, observers had
their palm facing upwards (Figure 4B).

3. Results

Figure 5 shows the median correct responses for five different tactile sleeves for the
observers, along with measures of dispersion. The box plot shows that the highest median
accuracy was found for the tactile sleeve with a 20 mm inter-distance between enclosures
on the upper side (90%, see Figure 5A) and underside of the forearm (92%, see Figure 5B)
compared to all the other tactile sleeves used in this study, with smaller interspacings. The
median accuracy was lowest for the tactile sleeve with no space between the enclosures
(see Figure 5A,B) compared to other sleeves on the upper side and underside of the forearm
(the median was 69% on both sides).

Upper side of forearm Under side of forearm

T P T

sleeve

correct responds distribution
w
3
correct responds distribution
o
<]

sleeve

[ As close as possible [ 5mm [ 10mm [ 15mm [ 20mm M As close as possible [ 5mm [ 10mm [ 15mm 20 mm

(a) (b)

Figure 5. Box-whisker plot comparing the accuracy (percent correct, y-axis) between the five different
tactile sleeves with various inter distances between enclosures (x-axis): (a) the percent correct for the
upper side of the forearm; and (b) the percent correct for the underside of the forearm. The box length
represents the interquartile range (IQR), the 25% and the 75% limits, and the horizontal bar inside the
box shows the median value. The ends of the box plot represent minimum and maximum values.

A two-way repeated measures ANOVA with the factors upper versus lower forearm
and actuator interspacing (along with Bonferroni corrected post hoc tests) was calculated
to assess the significance of the differences in accuracy for the different distances between
the actuators and the differences between the accuracy for the underside and upper side of
the forearm. The two-way ANOVA also enabled us to assess the interaction between these
two factors, such as whether the effect of inter-distance varies between the upper side and
the underside of the forearm.

The two-way repeated measures ANOVA revealed a large main effect of interspacing
of the actuators upon detection accuracy (F (4,70) = 11.71; p < 0.05). There was no effect of
the side of the forearm upon accuracy (F (1,70) = 1.21; p = 0.27), nor was there any significant
interaction between these factors (F (4,70) = 0.29; p = 0.88).

This means that as the difference between the actuators increased, accuracy in the
discrimination task improved significantly, reaching a very high accuracy level for the
20 mm distance (some participants had 100% accuracy). The accuracy for the under and
upper sides of the forearm did not differ significantly on the other hand.

Post hoc tests (Bonferroni corrected) were performed to assess significant differences
between different tactile sleeves. After the Bonferroni correction, the statistical threshold
was adjusted to p < 0.005. The results of the post hoc test showed that on the upper forearm
there were significant differences between the pair of sleeves where actuators were placed
as close as physically possible ([ACAP], no space between actuators, in other words, 17 mm
center to center) and the sleeve with a 20 mm interspace had [p-value = 0.0004] (Table 3).
This was also the case for the underside of the forearm (Table 4).



Actuators 2023, 12, 6

8of 11

Table 3. Post-hoc test p-values (upper forearm).

5 mm 10 mm 15 mm 20 mm
ACAP 0.2552 0.0550 0.0186 0.0004 *
5 mm 0.5902 0.2809 0.0129
10 mm 0.4511 0.0107
15 mm 0.0342

* Significant at p < 0.005.

Table 4. Post-hoc test p-values (under forearm).

5 mm 10 mm 15 mm 20 mm
ACAP 0.0624 0.03806 0.0096 0.0004 *
5 mm 0.4994 0.3255 0.0115
10 mm 0.1845 0.0164
15 mm 0.0139

* Significant at p < 0.005.

The data distribution was highest for the tactile sleeve with 20 mm between enclosures
on the upper side of the forearm with a median level of 90%, and the accuracy range was
from 80% to 97%. For the underside of the forearm, the median was 92%, and the accuracy
ranged from 80% to 100%. The results for the 20 mm interspacing therefore reveal high
response accuracy and all participants showed relatively high levels of stimuli identification
on both sides of the forearm.

Although the median values for the underside of the forearm were slightly higher than
for the upper ones, the ANOVA revealed no significant differences between the sides of the
forearm. We therefore cannot draw strong conclusions about better stimulus recognition
on the underside of the forearm compared to the upper side. Further investigations are
needed for any firm conclusions on this.

The fact that accuracy is higher with increasing interspacing between actuators is
interesting, but what does this mean for the design of a sensory substitution device with
stimulation on the forearm? The forearm has limited space, and realistically, there are
upper limits to the distance that can be used [39]. When information from our previous
designs and practicalities of future designs is taken into account, we decided to have the
20 mm distance as our upper limit. Thankfully, our results indicate that the performance
for the 20 mm distance on our relative PL task is very close to ceiling performance.

Our study, therefore, suggests that the tactile sleeve with a 20 mm distances between
the voice coil actuators (model: Lofelt L5) can be considered the optimum design for a
tactile sleeve using multiple voice coil (Lofelt L5) actuators, providing high accuracy of
stimuli discrimination, considering the restrictions of the physical dimensions of the surface
of the forearm as the site of the wearable vibrotactile devices.

4. Conclusions

Increased advances in vibrotactile displays highlight the necessity of psychophysical
investigations into the mechanisms underlying human tactile perception. One of the main
challenges in designing tactile devices is analyzing what information can be transmitted
tactually and which stimulation parameters can effectively convey information. One issue
involves an empirical investigation of the maximal throughput of the skin.

How many tactors can be configured, how densely can they be placed next to each
other before their loci become indistinguishable, and how can high accuracy be maintained
to convey the information effectively?

For designs using closely spaced tactors, vibrotactile localization accuracy on the skin
is essential. Information will be lost if vibrotactile actuators are placed so close to each other
that their signals cannot be distinguished. The interspacing of actuators has a crucial effect
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on the resolution of vibrotactile stimuli to be differentiated from each other. In addition,
this evaluation is essential for designing tactile displays so that as many tactors as possible
can be placed within a defined area.

Psychophysical studies on tactile spatial acuity of different body parts can provide the
required empirical basis for determining the optimal stimulation type for tactile devices.
Optimum interspacing between actuators can provide high-resolution distinguishable
stimuli to convey tactile information effectively. There has been a considerable amount
of research on the tactile sensory capabilities of the hands and fingers, but comparatively
little research has been carried out on the forearm. Although forearms are generally less
sensitive than the other part of the hand (for instance, the fingers [40]), we need to use
more stimuli spread over a larger surface area to compensate for this decreased sensitivity.
Nevertheless, determining the optimum loci of actuators on the forearm is crucial.

This study provides guidelines for forearm-mounted wearables using the Lofelt L5
voice coil actuator in terms of comparing the accuracy rate on the upper side and underside
of the forearm and determining the optimum interspacing of actuators to keep the stimuli
distinguishable with high accuracy.

This paper systematically investigated the relative spatial acuity of the forearm us-
ing vibrotactile sleeves. Our objective was to determine the optimum distance where
two vibrations of two voice coil actuators could be told apart spatially with high ac-
curacy. Our research group has a long-term experience in investigating vibrotactile
displays [1,2,26-29,41], and optimizing the configuration of actuators in our recent wear-
able vibrotactile sleeve was the inspiration for this study. The average forearm length based
on the anthropometric parameters of the studied population is approximately 20.2 cm for
females and 23.9 cm for males [39] which places constraints on our haptic designs.

Taken as a whole, the outcome of our study could be used to develop forearm mounted
vibrotactile wearables using Lofelt L5 to obtain high-resolution signals and distinguishable
vibrotactile information. First and foremost, we report localization rates for vibrotactile
stimuli on the forearm for our purposes, using five different tactile sleeves consisting
of three voice coil actuators on the upper side and underside of the forearm. We tried
to determine the lowest interspacing that still allows discrimination with high accuracy.
The results of the experiment indicate that 20 mm interspacing between actuators (Lofelt
L5) yields very high performance with some participants at ceiling (Figure 5, that shows
accuracy rates between 80% and 100% (median = 92%) on the under forearm and accuracy
rates between 80% and 97% (median = 90%) for the upper forearm) and was therefore
chosen as the optimal distance between the actuators. We found that placing the voice coil
actuators (Lofelt L5) at a 20 mm inter-distance in the longitudinal arrangement resulted in
significantly better discrimination accuracy than when there was no interspacing between
the actuators on both sides of the forearm (p < 0.05). The results were similar for the upper
and under sides of the forearm. We investigated both sides of the forearm to determine
whether there was a significant difference between the accuracy of the responses and
forearm sides. The evaluation and comparison of the results extracted from the current
study revealed no statistically significant differences between the accuracy rate and the
forearm’s sides.

This information can be used to assist in formulating guidelines for inter-actuator spac-
ing (voice coil actuator model: Lofelt L5) used in tactile displays that generate vibrotactile
stimulation on the forearm (Figure 2A).

Several other authors have also designed forearm-mounted displays; Piateski and
Jones designed a 3 x 3 array of tactors for the underside of the forearm. Using this device,
they empirically studied the ability to recognize simple patterns, including activating lines
of eccentric rotating tactors. The detection accuracy that they measured ranged between
80% and 96% [42].

The threshold found in our study is valid for the forearm site and the type of actuators
(voice coil actuators model Lofelt L5) we used. The variance in findings of spatial acuity
might have stemmed from different actuator types applied to different body parts and
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different methods of evaluation. Comparisons between findings of vibrotactile spatial
acuity thresholds are difficult because of the complex nature of vibrotactile stimulations.
Our results indicate that a distance of 20 mm is the best distance between actuators on
both sides of the forearm, when the spatial limits on design are considered. The results
of this study will be helpful for the continued development of our current design of the
vibrotactile sleeve and provide valuable insights for the creation of forearm-mounted
vibrotactile displays using Lofelt L5 voice coil actuators.
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Abstract: What are the effects of frequency variation of vibrotactile stimuli on localization acuity?
The precise localization of vibrotactile stimuli is crucial for applications that are aimed at conveying
vibrotactile information. In order to evaluate the ability to distinguish between vibrotactile stimuli
based on their frequency and location on the forearm, we used a relative point localization method.
Participants were presented with pairs of sequential vibrotactile stimuli at three possible locations on
the forearm and asked to determine whether the second stimulation occurred at the same location as
the first one in the pair or not. The stimulation frequency varied between 100 Hz, 150 Hz, 200 Hz
and 250 Hz, which covers the range of frequencies that human observers are most sensitive to. The
amplitude was kept constant. Our results revealed that the ability to discriminate between actuators
remained unaffected by variations in the frequency of vibrotactile stimulation within the tested
frequency range. The accuracy of the tactile discrimination task was heavily dependent on the
location of the stimulation on the forearm, with the highest accuracy close to the wrist and elbow,
locations that may serve as tactile anchor points. Our results highlight the critical role of stimulation
location in precise vibrotactile localization and the importance of careful consideration of location in
the design of forearm-mounted vibrotactile devices.

Keywords: vibrotactile stimulus; voice coil actuator; wearable device; vibratory stimulus; vibrotactile
localization; vibrotactile frequency; vibrotactile discrimination

1. Introduction

Technical advances over the last two decades have made wearable vibrotactile displays
a very attractive option for various tactile presentation devices. Several variations of such
devices have been introduced in both scientific papers and commercial products and a
variety of vibrotactile stimuli can be conveyed within the same display [1-6]. Voice coil
actuators have been widely used in such displays because of their numerous advantages [7],
including their ability to be incorporated into fabric-based displays, making them portable
and convenient to use. The use of arrays of these actuators, such as those employed in
tactile sleeves, allows for the encoding of considerable amounts of information to users.
Vibrotactile patterns can be presented by manipulating the sequencing of the vibrations
across the actuators, enabling the presentation of a wide range of sensations to users.
The use of voice coil actuators in wearable vibrotactile displays has opened up exciting
possibilities for the development of novel and sophisticated haptic technologies [8,9].

Tactile feedback has proven to be a versatile tool for enhancing various sensory ex-
periences. For instance, it has been employed to supplement auditory information, alert
individuals to important signals, provide information to users of prosthetic devices, and even
serve as a substitute for vision in devices designed for the visually impaired [10-13]. The
versatility of tactile feedback arises from the fact that it can be easily integrated into a wide
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range of devices and interfaces, enabling individuals to experience rich and meaningful
haptic sensations that can greatly enhance their overall sensory experience.

One recent development in the field of haptic displays is the use of tactile arrays in the
form of wearable sleeves. These sleeves are designed to contain a relatively large array of
vibrotactile actuators that can be used to deliver complex and nuanced haptic information
to the wearer [14-18]. Such applied use calls for precise understanding of how reliable
the perception of the vibrotactile information is and the resolution afforded by vibrotactile
displays. Accurate perception of haptic stimuli is crucial for the reliable transmission
of complex information encoded as haptic cues. It is, therefore, essential to investigate
the accuracy of localization of tactile stimuli under diverse conditions and determine the
influence of different parameters such as frequency, amplitude, duration, and location on
haptic performance.

Several studies have addressed how different vibrotactile stimulation affects the
localization of tactile stimuli [19]. Wong et al. evaluated the localization and information
transfer of five tactors placed in a vibrotactile sleeve along the volar forearm and found that
the locations of two to three actuators arranged along the length of the forearm could be
reliably discriminated by human users when only the location of vibration was varied [15].
Zhao et al. examined stimulation with variation in frequency and vibrotactile patterns [20],
finding significant differences in accuracy for vibrations on the dorsal side of the forearm
at two frequencies (30 Hz and 250 Hz). The accuracy was better for 250 Hz than 30 Hz [20],
consistent with the results of Avarsson et al., who tested the optimal stimulation frequency
for vibrotactile stimulation with L5 actuators on the wrist [1].

Several researchers have examined the impact of stimulus duration on tactile recogni-
tion accuracy and found significant variability, revealing that the duration of vibrotactile
stimuli can significantly affect localization accuracy, with longer-duration stimuli generally
leading to better performance [20,21]. Moreover, localization and discrimination of vibro-
tactile stimuli can differ by stimulation site as well as by the method used to deliver the
stimulation, i.e., whether it is conveyed sequentially or simultaneously [22].

Another factor that can affect the results of tactile discrimination tasks is the method
of stimulus presentation. The two-point threshold, which is a measure of the minimum
distance at which two distinct points of contact on the skin can be perceived as separate
stimuli, is typically measured using a pair of calibres or other devices that allow the
experimenter to vary the distance between the two points of contact [23].

The two-point threshold is often used as an index of tactile acuity or sensitivity.
Relative point localization, which we used in this study is, on the other hand, a method
used to assess observers’ ability to detect differences in the position of two tactile stimuli. In
this task, two stimuli are presented on the skin and participants judge whether the second
stimulus is in the same or a different location as the first one or they indicate the direction
of the second stimulus relative to the first stimulus. This method is often used to assess the
ability to perceive spatial details in tactile stimuli [24]. While both two-point threshold and
relative point localization are measures of tactile sensitivity, they assess different aspects of
tactile perception and results for the two measures are not necessarily the same. Results
acquired with the relative point localization (rPL) method, as used here, are not directly
comparable to other measurement methods, such as absolute point localization (aPL) [25]
or two-point thresholds (2PT) [23].

Weinstein [26] found that spatial tactile acuity with the two-point threshold was two
to four times lower than with the absolute point localization, although they were highly
correlated. Results from the two-point threshold method cannot be directly applied to
vibrating stimuli since decisions about whether one or two tactors are activated can be
affected by additive tactor intensity. Even though many studies have used absolute point
localization (aPL) [25,27]. Taken together, the ability to localize a point of vibrotactile stimu-
lation may not accurately reflect relative spatial acuity [24]. Other reasons for discrepancies
could reflect factors such as individual differences in sensory perception, variations in the
contact force between the skin and the device, or location. Another possible reason could be
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related to the design of the device, such as the size and spacing of the tactile elements and
the frequency and amplitude of the signals being used. Additionally, the concentration of
tactile receptors on the skin is not evenly distributed, leading to a difference in sensitivity to
touch and discrimination ability [26]. Psychophysical studies specifically investigate differ-
ences in outcomes for relative vibrotactile acuity measurements with different tactor types.
Additionally, measurements of vibrotactile spatial acuity may depend on presentation
direction because of directional anisotropies [28].

Another important finding is that tactile stimuli are most effectively perceived when
presented near anatomical reference points, typically associated with the body’s joints. In
our case, with stimulation on the forearms, the elbow and wrist serve as anchor points. This
concept of “anchors” or reference points was first proposed by Weber [23] and Boring [29],
and subsequent studies have demonstrated that certain anatomical points on the body
exhibit high sensitivity for localization [30-32].

The discrimination of vibrotactile frequency on both glabrous and hairy skin has
been assessed [33]. For instance, one study compared discrimination thresholds for the
fingertip (27.2 Hz) and forearm (33.9 Hz), revealing that discrimination was 20% more
accurate on the fingertip [34]. Vibrotactile stimulation is detected by mechanoreceptors
in the skin, and one type, the Pacinian corpuscles, is responsible for the detection and
perception of high-frequency vibrations greater than approximately 80 Hz [35]. The density
of Pacinian corpuscles is much higher in the fingertip’s glabrous skin than in the forearm’s
hairy skin [36], which explains the higher vibrotactile frequency discriminability on the
fingertip than the forearm.

It is important to note, however, that in certain contexts, the use of fingertips for
tactile feedback may not be practical or desirable. For example, when developing devices
designed for sensory substitution, the use of fingertips may be problematic as it can interfere
with the user’s daily activities. In such scenarios, alternative methods of delivering tactile
feedback may need to be explored, such as the use of other parts of the body or specialized
wearable devices. By carefully considering the context of use and the needs of the users,
more effective and user-friendly tactile feedback solutions can be developed that enable
individuals to better engage with their environment and achieve their goals [33,37]. Use of
the volar forearm as a location for delivering vibrotactile stimuli has become increasingly
popular in recent years, owing to several attractive features of this anatomical site. The
forearm is a convenient site for delivering vibrotactile stimuli due to its accessibility, which
makes it relatively easy to apply wearable devices and integrate vibrotactile feedback into
various applications. This location is suitable for delivering high-resolution stimuli, and
it is compatible with clothing-like forms for wearable devices. Additionally, the forearm
offers a relatively large surface area for stimulation, which allows the delivery of precise
and nuanced haptic sensations to users.

Furthermore, the use of the forearm as a location for delivering vibrotactile feedback
is generally well-tolerated by users, making it a practical and effective option for a wide
range of applications [38]. A number of studies are available where vibrotactile stimuli
have been delivered to the volar forearm, and various actuator types and parameters have
been used [1,16,17,34,39,40].

Cholewiak and Collins [27] investigated the effect of frequency on absolute point
localisation in young and older subjects on the volar forearm, using long piezoceramic
tactors, Differences in localization ability between younger and older persons were smaller
than expected while the frequency changed between 100 Hz and 250 Hz. Our study
investigated the effect of frequency on discrimination accuracy using a wearable vibrotactile
sleeve on the dorsal forearm, keeping the amplitude constant while varying the frequency.
We used voice coil actuators that enabled us to manipulate frequency and amplitude
independently of one another. The actuators were used to provide parallel and lateral
vibration on the forearm length. Results were obtained using the relative point localization
method. We found no differences in discrimination accuracy by frequency variation
between 100 Hz, 150 Hz, 200 Hz and 250 Hz with constant amplitude. Our study did not
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investigate sensitivity differences by age (participants were young adults). Notably, studies
of frequency variation on the forearm with pressure and electro-tactile stimuli [41] cannot be
generalized to vibrotactile stimuli. Different types of actuators and tactors, stimulus signal
differences and properties, stimulation locations, and signal presentation methods can all
affect performance [12,28]. Additionally, results acquired with the relative point localization
(rPL) method, as used in our study, are not directly comparable to other measurement
methods, such as absolute point localization (aPL) [25] and two-point thresholds (2PT) [23].
The ability to localize a point of vibrotactile stimulation may not accurately reflect relative
spatial acuity.

Our research team has, in recent years, developed a series of vibrotactile displays,
including the vibrotactile sleeve we examined in this study [1,12,16,17,37]. These displays
have the potential to provide a vast amount of information to low-activity areas of the body,
freeing up the hands for other tasks. This research has involved the investigation of several
properties of vibrotactile stimulation in the context of sensory augmentation and sensory
substitution [9,12,16,17,42-44].

The objective of the present study was to examine the discrimination accuracy for
vibrotactile stimulation on the forearm as a function of frequency and location. Specifically,
frequencies of 100 Hz, 150 Hz, 200 Hz and 250 Hz were employed while a constant
vibration amplitude was maintained. This frequency range was chosen for two reasons:
firstly, because of the high sensitivity of the Pacinian corpuscles to frequencies within this
range, and secondly, because previous studies from our lab have demonstrated that this
frequency range falls within the range of maximum tactile frequency sensitivity at the
wrist [1]. We also investigated the effects of the location of the vibrotactile stimulation
on the ability to discriminate between actuators and assessed any potential interactions
with frequency.

2. Experiment
2.1. General Experiment Setup

The experiment was conducted in an anechoic chamber at the University of Iceland.
Participants were seated on a chair in front of a laptop. The wearable vibrotactile sleeve
was placed on the left forearm with the tactile actuators on the dorsal side. Participants
placed their forearms on a foam pad (on a table) with the palm facing down. Their view
of their left arm was blocked by placing foam in the line of sight to prevent any potential
visual biases in responses (such as from visible vibrations).

To prevent audible cues from the tactile actuators, white noise was played through
over-ear headphones to mask any sounds made by the actuators. Vibrotactile stimuli were
delivered to the forearm via three voice coil actuators (Model: Lofelt L5, see Figure 2a).

Acceleration measurements were used to calibrate the intensity of the vibrotactile
signal before recording data for each participant. A three-axis accelerometer (Briiel & Kjeer
Type 4520) was used to measure the acceleration of the vibration and calibrate its intensity.

To guarantee consistency and eliminate any sources of bias, this calibration process
was performed individually for each participant prior to commencing the discrimination
testing. Calibrating the vibrotactile sleeve on each participant’s forearm enabled us to
ensure that the same signal strength was perceived against the skin throughout the duration
of the experiment.

Force measurements were also taken at the contact surface of enclosures and the skin
of the forearm using a Force Sensitive Resistor (FSR), series FSR03, (Ohmite Manufactur-
ing Company, Warrenville, IL, USA), and was obtained at 1.64 N. Table 1 provides the
acceleration magnitude of the signal at the different frequencies used in the experiment.
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Table 1. Amplitude and acceleration magnitudes across all frequencies in the study.

Frequency (Hz)

Acceleration (g)

100 9.6
150 7.6
200 6.9
250 6.7

We measured the forearm length of each participant, (four males and four females),
and this information is presented in Table 2.

Table 2. The left forearm length measurements.

Length of Forearm

Participant Gender (cm)
1 Female 21.04
2 Female 22
3 Female 225
4 Female 21.8
5 Male 23.8
6 Male 24.03
7 Male 24
8 Male 25

The study participants did not have significant differences in forearm length, so the
average forearm length was used as a parameter to obtain biometric information. The
average forearm length of the study participants was 23.3 cm. Figure 1 shows the biometric
dimensions of the actuator placement along the forearm.
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Figure 1. The biometric measurements utilized to determine the placement of the three actuators
(x) along the forearm were derived from the average forearm length of the eight participants in the

experiment. The centre points of the actuators were used for precise measurement. The inter-actuator
distance was 20 mm, while the voice coil width was 17 mm. The distance of the centre point of the
first actuator from the wrist was 41.4 mm, which accounted for the 33 mm stretch strap width and an
extra 8.5 mm dimension from the centre of the first actuator.

The voice coil actuators were powered and controlled using audio hardware con-
nected to a laptop computer, where custom-written Python code controlled the stimulus
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presentation. The actuators were connected to the audio hardware via wired interfaces. The
audio hardware consisted of a digital audio interface (RME MADIface XT) [45], digital-to-
analogue converters (Ferrofish A32), multi-channel amplifiers, and parallel vibrating voice
coil actuators (Lofelt L5) [7]. Using this setup, up to 32 tactile channels can be controlled
independently. Tactile actuators were placed on the dorsal forearm in the longitudinal
direction which caused back-and-forth vibration perpendicular to the forearm length. Be-
fore the start of the main experiment, the participants completed a few training trials to
familiarize themselves with the setup, apparatus, and tactile stimulus.

2.2. Actuators

The tactile stimulation was generated using voice coil actuators, specifically the Lofelt
L5 model (as shown in Figure 2a,b). The L5 actuator is an extended-band type of actuator
that enables the independent manipulation of stimulation frequency and amplitude and is
widely used in the implementation of haptic stimulation for scientific purposes [18].
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Figure 2. (a) The voice coil actuator (Model: Lofelt L5) used in this study; (b) Technical details and
information about the spatial dimensions of the L5 voice coil actuator [7].

The L5 actuator is characterized by its high acceleration and efficiency, lightweight
design, and cost-effectiveness, rendering it suitable for a range of vibrotactile displays, as
outlined in Table 3. Furthermore, the Lofelt L5 voice coil actuator can produce vibration
parallel to the skin, comprising tangential vibration [7].

Table 3. Haptic, electrical, and acoustic characteristics of the Lofelt L5 actuator [7].

Maximal voltage

1.4 Vrms at f0

Resonance frequency (f0) 65 Hz 4+ 5%
Frequency range Min. 0.5 G over 35 Hz to 1 kHz
Nominal impedance 8O atf0

Power handling

Maximum: 320 mW

Current consumption

Average at medium volume: 10 mA, bass
music use-case

Average at maximum volume: 57 mA, bass
music use-case

Rise/stop times, 30 g attached mass, no DSP

5ms/20 ms @ 150 Hz
12 ms/30 ms @ 100 Hz
15 ms/61 ms @ 0

18 ms/50 ms @ 50 Hz




Actuators 2023, 12, 224

7 of 14

The L5 actuators were placed in an enclosure that was specifically designed for the
haptic sleeve. Several versions were tested for the enclosure design, and the final design was
3D-printed directly onto the fabric (Figure 3a,b). The purpose of the housing/enclosure was
to prevent the actuator from coming into contact with other objects, which could dampen
the vibrations. The physical dimensions of L5 actuators are W: 17.0 x D: 20.5 x H: 6.2 mm,
and when they are vibrating at maximum displacement, their dimensions are W: 17.0 x D:
25.5 x H: 6.2 mm (the actuator may not be vibrating at its maximum, but it can do so). The
dimensions of the enclosures were W: 17.0 x D: 28 x H: 6.2 mm (see Figure 3a).
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Figure 3. (a) Overview of the design of the sleeve used to apply the Lofelt L5 actuators along the

forearm; (b) An example of a wearable vibrotactile sleeve and the configuration of the actuators.

2.3. Vibrotactile Sleeve

A soft and thin fabric-based vibrotactile sleeve was specifically made for this experi-
ment. The tactile sleeve was made from a Power Mesh fabric (Power Mesh fabric material:
90% nylon and 10% spandex), which made the wearable sleeve comfortable and user-
friendly. Stretch straps with Velcro were used to secure the haptic sleeve onto the forearm
and make it easy to adjust according to the thickness of the user’s forearm (see Figure 3b).
The wearable tactile sleeve consisted of three voice coil actuators (Lofelt L5) placed in the
3D-printed enclosures printed onto the fabric. The fabric works as a scaffold to hold the
actuators on a flexible and elastic surface.

A Prusa Slicer and a Prusa MK3s 3D printer were used for printing the actuator
enclosure (PLA material (polylactic acid)). The coefficient of friction (COF) of PLA material
can vary depending on several factors, such as the printing conditions ranging from 0.16
to 0.28. The actuators were firmly fastened inside the enclosures using glue [46]. Notably,
there were no fabric layers between the enclosure and the skin (point of contact).

The tactile stimulation from the L5 actuators involves back-and-forth vibration parallel
to the skin’s surface. One benefit of the enclosure that we designed is that it keeps the
moving part of the L5 actuator from scratching against the participants’ skin or causing
damage to the elastic material. The actuator is positioned inside the enclosure and designed
to generate parallel vibration to the skin perpendicular to the forearm’s length. The
enclosure is crucial to ensure that the participant’s skin and elastic material are not harmed
during testing while enabling the actuator to stimulate the skin effectively through a
smooth, lightweight, and thin (approximately 1.6 mm) enclosure surface. Since the actuator
adheres to the enclosure, the actuator and the enclosure can function as a single unit. The
vibration from the actuator is transmitted directly through the enclosure surface to the skin.
This prevents the sharp edges of the voice coil actuators from irritating or harming the
participant’s skin or damaging the fabric during vibration.

The enclosures were placed along the dorsal forearm in a 3 x 1 array (longitudinal
orientation) perpendicular to the forearm’s length (Figure 3a,b). The spacing between
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the actuators was 20 mm. The decision to use this distance was based on our previous
study [17], which was carried out to determine the spacing between voice coil actuators
that provides the highest localization accuracy when design convenience with L5 actuators
is considered.

2.4. Participants

Eight participants (four females and four males, aged between 23 and 37) took part in
the study. All participants were right-handed and had normal haptic perception by self-
report. They were healthy adults and did not report any cognitive or sensory impairments
that could potentially affect their ability to complete the tasks. Before participating in
the study, each participant signed a written consent form. The study was conducted
in accordance with the requirements of the local ethical committee and the Declaration
of Helsinki.

2.5. Procedure

The study was aimed at investigating whether the frequency of tactile stimuli on
the forearm has any effect on the participant’s localization acuity. Each participant was
presented with 96 tactile pairs. Each tactile pair consisted of two sequential tactile stimuli
provided by the actuators. The duration of each tactile stimulus was 250 ms, and the
inter-stimulus interval was 100 ms. Ensuring accurate adjustment of stimulus duration
requires consideration of the system’s rise and stop times.

These times reflect the duration required for the system to attain a steady-state re-
sponse upon stimulus onset or offset. In our study, we employed a vibration stimulus burst
of sufficient magnitude to achieve a steady-state condition for all four frequencies. Since
the aim was to investigate the effects of frequency by location, amplitude was kept constant
during the study. For each pair, the actuators for the first and the second stimulus (S1 and
52) were randomly and independently selected—i.e., a pair could also involve the same
actuator vibrating twice. Frequencies for the first and second stimulation were randomly
selected from 100 Hz, 150 Hz, 200 Hz, and 250 Hz, again based on the results of a previous
study from our lab [1], where the maximum sensitivity to vibrotactile stimulation at the
wrist was measured.

After each tactile pair was presented, participants were asked to report whether the
pair was provided by the same actuator or came from two different actuators (2AFC
paradigm). Observers responded by pressing one of two keys on a numeric keypad on the
table in front of them within the allocated response time (in the intertrial interval between
the presentation of each tactile pair—maximum 2000 ms). Once they provided feedback or
if more than 2000 ms had passed from the presentation of the pair of tactile stimuli, a new
pair of vibrotactile stimuli was presented (Figure 4).

Figure 4. A participant wearing a vibrotactile sleeve with his hand on the cushion, using the
headphones (playing white noise) to block out external auditory cues. Another cushion prevented
observers from seeing their left hand. Observers responded to whether the vibrotactile stimulation
was in the same or different locations by pressing the corresponding key on the wireless keyboard.
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3. Results

We used a 2AFC paradigm to investigate how the frequency of vibration of each
stimulus and its stimulation location affects the localization accuracy for pairs of vibrotactile
stimuli. The observers’ task was to indicate whether the two stimulations occurred in the
same location or not, and the main variable of interest was the accuracy on this task.

The overall findings (in this case, irrespective of whether the stimulation was S; or
Sy) are shown in Figure 5a,b. Figure 6 shows the results broken down by the frequency
of the first stimulus (First stimulus (S1) in the panels and Second stimulus (S;) shown by
the different dots). A three-way ANOVA analysis was conducted to examine the effects of
three independent variables: (1) the frequency of the first stimulus (S1), (2) the frequency of
the second stimulus (52), and (3) the location of the stimuli on the accuracy of localization.

The ANOVA revealed a main effect of location (F (2, 18) = 20.58; p = 0.00002). No effects
of frequency (neither for S1 nor S2) were significant, nor were any interactions significant
(all p-values > 0.54). These findings clearly demonstrate that the location of the stimulation
had a significant effect on the accuracy of judgments of whether one or two different sites
were stimulated in the sequence, as the large effect of location from the ANOVA clearly
demonstrates. Specifically, the accuracy was significantly higher when both stimuli were
presented on the actuators adjacent to the wrist and elbow (see Figure 5a). Conversely,
when there was a displacement between the wrist and middle (e.g., S; appeared at the
wrist and S, appeared in the middle or vice versa), when there was a displacement between
51 and S; from the elbow to the middle or vice versa, or when both stimuli were presented
on the middle actuator, the accuracy decreased to a range of 71.25% to 79.25% (Figure 5a).

Participants were better at localizing stimuli when they were presented at the end-
points of the array, i.e., the wrist and elbow, which, we speculate, operate as anchor points
(see Introduction). Notably, the study revealed that the frequency of S1 and S2 did not have
a significant effect on the accuracy of stimulus discrimination distinction, as revealed by the
p-values of 0.81 and 0.65, respectively. The three-way interaction was also not significant.
Moreover, there were no significant interactions between these stimuli and the location of
the stimulus, as the p-values of 0.57 and 0.64 show, respectively.
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Figure 5. (a) The discrimination accuracy as a function of stimulation on the forearm. Three actuators
were placed at three locations along the forearm: one close to the wrist, one close of the elbow, and
one in the middle (see Methods). The stimuli were presented in five different pairs, consisting of
(1) both stimuli presented on the wrist, (2) both stimuli presented near the elbow, (3) both stimuli
presented on the middle actuator (middle), (4) where the first stimulus (S1) was presented on the
middle and the second stimulus (S2) on the wrist or vice versa (displacement between wrist and
middle), and (5) conditions where the first stimulus (S1) was presented on the middle and the second
stimulus (S2) on the elbow or vice versa (displacement between elbow and middle). (b) The accuracy
distribution for S; and S, as a function of frequency.
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Figure 6. The average percent correct for different frequency combinations where the frequency of S;
is denoted in different panels (a-d) and the different dots in each panel denote the frequency of S.
Overall, there was no statistically significant effect or interaction related to frequency,
neither for 51 nor S;. This means that the frequency of the stimuli had a negligible effect
on performance for both S; and Sy, at least within the tested frequency range (which, as
explained above, should be optimal for vibrotactile stimulation), while the amplitude was
kept constant. The average accuracy rate along the forearm ranged from 71.25% to 79.25%,
which is notably lower than the accuracy rates near the wrist and elbow (94.43% and
95.18%, respectively).
The post-hoc analyses, with Bonferroni correction (p-values adjusted to 0.005; see
Table 4), revealed statistically significant differences in localization accuracy and discrimina-
tion accuracy for the different stimulation locations, in particular showing how performance
is best at the wrist and the elbow.
Table 4. The p-values from the post-hoc tests.
Groups Displacement between Dli)ilt:;zrert‘fnt
Locations of Presenting the First and Middle and Middle/Middle . Wrist/Wrist
. Middle and
Second Stimulus Elbow .
Wrist
Elbow-Elbow *1.761 x 107> *7.748 x 107° *0.0001 0.358
Displacement between middle and elbow 0.033 0.0408 *7.204 x 107°
Middle-Middle 0.462 *2.406 x 107°
Displacement between middle and wrist #2392 x 107>

* Significance at p < 0.005.

The results indicate significant differences in localization accuracy between tests where
both stimuli came from the middle actuator compared to tests where both stimuli were
presented on the actuator placed on the wrist (p = 2.406 x 10~°). Similarly, accuracy differed
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significantly when both stimuli were presented on the middle actuator and when both
stimuli were presented near the elbow (p = 7.748 x 10~°). Discrimination accuracy was
also significantly different between tests where both stimuli were presented on the actuator
placed on the wrist and tests where there was displacement between the middle actuator
and actuator placed on the wrist (p = 2.392 x 1075).

Additionally, significant differences in discrimination accuracy were observed when
both activations were presented on the actuator placed on the wrist and where the stimulus
displaced between the middle and the elbow (p = 7.204 x 10~°). Furthermore, the post-hoc
test revealed significant differences in discrimination accuracy between tests where both
activations were presented on the elbow and tests where stimuli were displaced between
the middle and wrist (p = 0.0001). Similar significant differences were found between tests
where the stimuli moved between the middle and near the elbow and tests where both
activations were presented on the elbow (p = 1.761 x 107°).

These findings suggest that the location of stimulation of different actuators in the
sleeve has a strong effect on discrimination accuracy. In sum, these results suggest that the
location of the stimulus is a critical factor in accurately distinguishing between stimuli in a
haptic feedback system. The frequency had no effect on accuracy, however.

4. Discussion

The development of vibrotactile displays for augmenting perception or for sensory
substitution makes the understanding of the mechanisms underlying human tactile per-
ception very important. In order to optimize the throughput of stimulus parameters of the
skin, it is important to investigate how many actuators can be placed within a particular
region before their loci become indistinguishable and how various parameters can influence
accuracy, and the effective conveying of information.

To address these challenges, we conducted an experiment where we compared the
localization of a sequence of tactile stimuli at different sites on the dorsal side of the forearm:
the wrist, along the forearm length between wrist and elbow, and next to the elbow. Our
aim was to explore the effects of the dimensions of the 3 x 1 array of voice coil actuators on
vibrotactile localization. Our data, using relative point localization, demonstrated that the
location of stimulation along the forearm significantly influenced discrimination accuracy.

However, frequency variation with constant amplitude had a minimal effect on accu-
racy. The results showed that discrimination performance is worse when the stimulation
was applied in the middle of the forearm, even when the second stimulus was displaced
from the midpoint to the endpoints of the array. In contrast, when both stimuli were
presented on the actuators adjacent to the wrist and elbow, discrimination accuracy was
significantly better. This raises the intriguing possibility that vibrotactile discrimination
is better close to anchor points (elbow and wrist) compared to the middle of the forearm.
This may have important consequences for the design of vibrotactile displays since it
suggests that if the stimulation points fall adjacent to natural anchor points (such as the
wrist or elbow), performance will be considerably better at those sites when compared to
localization for sites far from such loci.

This information about the effect of stimulus location on the forearm will be beneficial
in the future design of vibrotactile displays. In particular, the findings offer valuable insights
into the design parameters for forearm-mounted displays, including the configuration of
actuators and inter-actuator spacing, which can clearly affect accuracy. Specifically, placing
actuators near the wrist and elbow on the forearm may significantly improve how accurately
information with vibrotactile feedback can be conveyed.

Our previous results [17] show that the optimal distance between actuators is around
20 mm when both performance accuracy and convenience of the design (with L5 actuators)
are considered. However, further investigations are necessary to test the hypothesis that
using denser actuator placements near the wrist and elbow or higher vibration amplitude
for actuators placed along the forearm will improve accuracy. An interesting proposal for
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future tests is whether there are anisotropies in vibrotactile localization on the forearm in
that accuracy is higher close to the putative anchor points.

5. Conclusions

While achieving discrimination accuracy above chance levels may not necessarily
guarantee effective information transmission, the required level of accuracy ultimately
depends on the specific goals of a given application. Our experiment provides valuable
insights into the design parameters of vibrotactile displays on the forearm, specifically
regarding the configuration and placement of actuators. Stimulation location along the
forearm strongly affects discrimination accuracy, while any effects of frequency variation
(with constant amplitude) are minimal.

Our study has confirmed the findings of Cholewiak and Collins [27] regarding the
positive effect of anatomical landmarks on higher discrimination accuracy. We used voice
coil actuators (specifically the Lofelt L5 model) and our experimental setup to validate
these results. These findings have significant implications for the design of efficient tactile
displays. It is suggested that placing actuators near the wrist and elbow can enhance
the conveyance of information through vibrotactile feedback. This information can be
utilized to improve various aspects of tactile display design, including increasing the rate of
information transfer, enhancing discrimination accuracy, and improving spatial localization.

Moreover, the experiment raises the possibility of investigating anisotropies in vibro-
tactile localization on the forearm. Further exploration is needed to determine whether
using denser actuator placements near the wrist and elbow or employing higher vibration
amplitude for actuators placed along the forearm can further enhance accuracy.

In sum, our study contributes to our understanding of the mechanisms underlying
human tactile perception and provides valuable recommendations for the design of forearm-
mounted vibrotactile displays. By incorporating these insights into the development
process, it becomes feasible to create more effective and efficient systems that enhance the
user’s experience and interaction with tactile feedback, ultimately leading to improved
performance and usability.

Therefore, this study advances our understanding of the factors that influence the
effective transmission of vibrotactile information and may pave the way for the creation
of more sophisticated haptic feedback technologies for forearm-mounted displays. Such
development will only be successful with a clear understanding of the psychophysical
properties of the perceptual mechanisms in question.
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Abstract: We examined discrimination accuracy of vibrotactile patterns on the upper forearm using
a2 x 3 array of voice coil actuators to generate 100 Hz vibrotactile stimulation. We evaluated par-
ticipants’ ability to recognize distinct vibrotactile patterns presented both simultaneously (1000 ms)
and sequentially (500 ms with a 450 ms interval). Recognition accuracy was significantly higher
for sequential (93.24%) than for simultaneous presentation (26.15%). Patterns using 2-3 actuators
were recognized more accurately than those using 4-5 actuators. During sequential presentation,
there were primacy and recency effects; accuracy was higher for the initial and final stimulations in
a sequence. Over time, participants also demonstrated a learning effect, becoming more adept at rec-
ognizing and interpreting vibrotactile patterns. This underscores the potential for skill development
and emphasizes the value of training for wearable vibrotactile devices. We discuss the implications
of these findings for the design of tactile communication devices and wearable technology.

Keywords: vibrotactile stimulus; voice coil actuator; wearable vibrotactile device; vibratory stimulus;
vibrotactile localization; vibrotactile frequency; vibrotactile discrimination; Braille reading

1. Introduction

Approximately 826 million people worldwide live with some form of vision impair-
ment [1]. Those who are blind or visually impaired largely depend on other senses, like
touch and hearing, to navigate and interact with the world. These individuals often face
considerable obstacles, especially in education. Their inability to read traditional text can
restrict their access to essential information, hindering full participation in society [2]. The
Braille tactile writing system addresses this by translating text into patterns of raised dots.
These patterns, which individuals can sense with their fingertips, represent letters, num-
bers, punctuation marks, and other symbols, enabling those with visual impairments to
access written information [2].

The use of vibrotactile feedback can improve user performance on touchscreen de-
vices for tasks such as target selection [3], text entry [4], and list item selection [5]. Vibro-
tactile skin reading is a method of haptic communication where vibrotactile displays are
used to transmit information through touch. These displays produce vibration patterns
representing various symbols, enabling individuals with visual impairments to interact
with digital information. Vibrotactile skin reading is a promising technique for providing
information and facilitating communication for visually impaired people, potentially in-
creasing their participation in society [6]. Proposed solutions include wearable displays
featuring vibrotactile actuators to augment accessibility [7,8]. These wearable displays
can be affixed to various body parts [9-11]. For instance, one approach employs three
vibration motors on the users’ arms to communicate calendar information, using distinct
vibrational patterns for different alerts [9]. Another study demonstrated the use of two vi-
brotactile wristbands to assist blind individuals during orientation and navigation. These
wristbands provide haptic information about the direction and distance to a target [12].
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1.1. Can Braille Be Conveyed with Vibrotactile Stimulation?

Traditional Braille reading involves moving one’s hand from left to right across lines
of raised dots, primarily utilizing the fingertips. However, vibrotactile displays offer a
potentially hands-free Braille reading alternative. Notably, previous studies suggest that
blind individuals often possess superior tactile spatial acuity compared to their sighted
counterparts, potentially enhancing their capacity to accurately interpret Braille patterns
through vibrotactile stimulation [7,8,13-16].

Vibrotactile displays are emerging as a promising substitute for conventional Braille
systems for those with visual impairments. Their appeal lies in their portability, versatil-
ity, and capability to represent a vast array of characters and symbols. Notably, designs
like the sleeve-based variant that we tested here stimulate passive body areas, keeping
hands free for other tasks. The efficacy of these displays is often determined by various fac-
tors, such as resolution, thresholds, frequency, amplitude, and stimulus duration [17-23].
These displays can employ varied vibrotactile stimulation patterns to convey diverse in-
formation, from images to navigation instructions [24-26]. The intensity and frequency of
the vibrotactile stimuli are adjustable, allowing for a large number of possible stimulation
combinations.

Our research group has delved deeply into vibrotactile stimulation properties, espe-
cially in sensory augmentation devices [7,8,27-34]. One notable system that we have devel-
oped is the “The Sound of Vision” sensory substitution platform for the visually impaired.
The system uses time-of-flight (ToF) and stereo cameras to survey the surroundings, trans-
lating the data into tactile and auditory signals. A unique tactile belt communicates the
direction of and distance to potential obstacles using vibrations. The system has yielded
promising results in user tests [8].

1.2. Current Study

We evaluated the recognition of Braille-like vibrotactile patterns among sighted ob-
servers with a 2 x 3 array of voice coil actuators generating 100 Hz vibrotactile stimula-
tion on the upper forearm. The patterns were categorized into two groups based on the
number of actuators needed for their presentation, enabling us to assess the effects of pat-
tern length —short (2-3 actuators) versus long (4-5 actuators)—on their recognition. Fur-
thermore, we examined the potential for learning by observing performance improvement
over time.

Our primary objectives were as follows:

1.  Presentation methods: compare the efficacy of two vibrotactile pattern presentation
methods on the forearm —simultaneous and sequential.

2. Pattern length influence: determine how varying the pattern length influences the
accuracy of pattern recognition.

3.  Assessing temporal effects: determine whether accuracy improves over time, and
what the effect of stimulation order is during sequential presentation.

4.  Enhance user experience: fine-tune these patterns to maximize user satisfaction and
augment haptic feedback experiences.

Our overarching goals align with our broader mission: to advance tactile communi-
cation. This objective carries immense potential, from improving accessibility to pioneering
novel communication methods. In particular, our efforts can prove crucial for aiding Braille-
proficient individuals with visual impairments. Our aim is to improve tactile information
conveyance, creating a more inclusive environment for those with sensory challenges.

Ultimately, we aspire to seamlessly integrate wearable technology into the daily rou-
tines of those with visual impairments. Through this, we envision expanding new oppor-
tunities for learning and interaction, thereby enriching their lives and fostering increasing
societal involvement and participation.

This study stands out through the investigation of simultaneous and sequential pre-
sentation methods, examining the influence of pattern length on recognition accuracy, and
observing temporal effects in the realm of tactile communication and wearable technology.
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The primary objective is the seamless integration of innovative technology into the daily
lives of visually impaired individuals, with a broader vision of fostering increased soci-
etal involvement in the future. The unique design of the vibrotactile forearm sleeve pro-
pels hands-free Braille communication, ensuring privacy and discretion. Beyond this, the
study’s implications extend to enhanced haptic communication, advancements in assistive
technologies, and potential applications in virtual/augmented reality, which is particularly
beneficial in low-visibility situations.

2. Voice Coil Actuator and Vibrotactile Sleeve

We used voice coil actuators (VCAs; model: Lofelt L5) for generating vibrotactile stim-
ulation. VCAs offer a range of benefits over alternative actuator types. They are known for
fast response times, high force density, and low power consumption. Furthermore, they
are versatile and can be integrated into various devices and systems. These actuators are
designed to deliver rich vibrotactile stimulation and, importantly, allow for the separate
manipulation of both frequency and amplitude (details provided in Table 1).

Table 1. Characteristics of the Lofelt L5 actuator [35].

Performance Characteristic Technical Specification
Operating voltage (V) 0-3.3
Frequency range (Hz) 0-15,000

Force (G-p.p.) 0-15
Rising time (ms) 5-15
Operation current (mA) 200-500+

For mounting, the actuators were affixed to a soft and thin fabric, ensuring a snug fit
and efficient transfer of tactile information from the actuators to the skin. The six voice
coil actuators were arranged longitudinally in a 3 X 2 array to produce back-and-forth
vibrational movement perpendicular to the length of the forearm (Figure 1).

Figure 1. (a) Overview of the design of the sleeve used to apply the Lofelt L5 actuators along the
forearm; (b) an example of a wearable vibrotactile sleeve and the configuration of the actuators.

The experiment utilized a bespoke vibrotactile sleeve crafted from a Power Mesh fab-
ric consisting of 90% nylon and 10% spandex. This choice of materials ensured that the
sleeve was both comfortable and user-friendly. To accommodate various forearm sizes,
stretch straps equipped with Velcro were used to secure the sleeve, allowing easy adjust-
ment for individual participants. The L5 actuator enclosures were 3D-printed directly onto
the fabric, ensuring that the actuators could vibrate without any hindrance. The printing
was executed using a Prusa MK3s 3D printer and Prusa Slicer, with PLA as the chosen
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material. Importantly, there were no fabric layers obstructing the point of contact between
the enclosure and the skin.

The L5 actuators had dimensions of W:17.0 x D:20.5 x H: 6.2 mm. The custom-made
enclosures were slightly larger, measuring W: 17.0 x D: 28 x H: 6.2 mm. One significant
advantage of this enclosure design is its protective quality, safeguarding both the partic-
ipants’ skin and the elastic material from potential abrasion or damage inflicted by the
moving actuator. Within the enclosure, the actuator was oriented so that it produced vi-
brations parallel to the skin and perpendicular to the forearm’s length.

The enclosure was vital for delivering vibrotactile stimulation safely. Its tight fit with
the actuator ensured that it functioned seamlessly as a single unit. With a smooth surface,
the enclosure was lightweight and thin, at an approximate thickness of 1.6 mm.

For stimulus presentation, the system included a digital audio interface (RME MADI
face XT), digital-to-analog converters (Ferrofish A32), multi-channel amplifiers, and the
Lofelt L5 voice coil actuators. The tactile sleeve interfaced with the audio hardware through
wired connections.

3. Methods
3.1. Participants

Eight normally sighted people, ranging in age from 21 to 38 years (mean age: 29 years),
participated in this study. All participants confirmed they had no known issues with vi-
brotactile stimulation. Before beginning the experiment, each participant provided their
written informed consent. The study was conducted in alignment with the guidelines set
by the local ethical committee and the Declaration of Helsinki.

3.2. Mapping Patterns to Vibrotactile Cues

Our primary aim was to assess the accuracy with which sighted participants could
identify vibrotactile patterns on their skin with simultaneous versus sequential presenta-
tions. Additionally, we sought to understand how the length of these patterns (i.e., the
number of activations participants needed to discern) influenced their recognition capa-
bilities. The aim of this research is to lay a foundation for the future development of a
wearable device that can present Braille-like patterns through vibrotactile stimulation.

We used a set of 14 unique patterns derived from the Icelandic Braille alphabet. These
patterns were divided into 2 categories: short-length patterns, which involved the use of
2-3 actuators, and long-length patterns, requiring 4-5 actuators. The specifics of these
patterns can be observed in Figure 2 and are detailed further in Table 2.

Figure 2. Assignment of pattern dots to the six actuators in this study.
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Table 2. The patterns used in the experiment and the numbers of the actuators required to present
each of the 14 vibrotactile patterns.

Short Patterns Long Patterns
a . 1,6 é s 2,3,4,6
c 1,4 v EN 1,2,34,6
0 - 1,35 X - 1,3,4,6
d ] 1,4,5 6 'S 1,4,56
h 1,25 b i 1,2,4,6
6] *: 1,56 q i 1,2,3,4,5
1 : 1,2,3 a i 1,2,4,56

It is important to emphasize that our study did not require participants to have any
prior knowledge of Braille reading or recognition of specific Braille characters. Instead,
we aimed to assess their capability to accurately reproduce the vibrotactile patterns using
a keyboard interface. This design allowed us to evaluate the efficacy of our vibrotactile
system purely based on participants’ ability to discern and reproduce the patterns they
felt on a keypad.

There were a total of 168 trials in the study, divided into 24 miniblocks (each contain-
ing 7 trials): 12 miniblocks for short patterns and 12 for long patterns. Within each block,
there were 28 trials. Half of these miniblocks involved simultaneous presentation, while
the other half involved sequential presentation. Every trial began with the presentation of
a pattern, and subsequently, participants were tasked with reproducing the pattern using
a keypad. The order of presentation was randomized (details in Table 2).

Table 2 elucidates the characters, corresponding patterns, and the actuators used for
each pattern.

For simultaneous presentation, all actuators were activated simultaneously for 1000 ms.
A 4000 ms interval followed, during which participants responded. During sequential pre-
sentation, each actuator was triggered successively for 500 ms, separated by a 450 ms pause.
As for simultaneous presentation, there was a 4000 ms response interval.

The stimulation was set at a constant frequency (100 Hz) and amplitude (9.6 g ac-
celeration). Notably, this frequency aligns with the optimal detection range for human
vibrotactile perception (based on our previous studies [36]). The entire experiment took
approximately 35 min. for each participant.

3.3. Familiarization Session

Prior to the main experiment, participants were thoroughly briefed on the procedure
and the tactile stimulation. To familiarize participants with the actuators’ stimulation, they
were activated six times in quick succession. To ensure that the participants fully under-
stood their expected task, a block of 28 trials was administered.

Participants used a keypad to reproduce the stimulation pattern on each trial, with
each key corresponding to one of the 6 stimulation locations. These practice trials ensured
that participants were adequately prepared and had a firm understanding of their task
before the main experiment started.

3.4. General Procedure

To minimize external distractions, the study was conducted in an anechoic chamber.
To prevent any potential auditory cueing, like from the subtle noise from the actuators,
white noise was played through headphones (see Figure 3a,b). Before gathering data, we
calibrated the intensity of the vibrotactile stimulation using acceleration measurements. A
three-axis accelerometer (Briiel & Kjeer Type 4520, Denmark, Virum) gauged the acceler-
ation and intensity of the vibration. This meticulous calibration was performed for every
participant to eliminate potential biases and ensure uniformity and guarantee that each
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participant received the same tactile frequency (100 Hz) and amplitude (9.6 g) on their
skin throughout the experiment.

Figure 3. (a) A participant in the anechoic chamber wearing a vibrotactile sleeve, with his hand
resting on a cushion. The participants wore headphones playing white noise to block out external
auditory cues and responded to the vibrotactile feedback by pressing the correct keys on the key-
pad. (b) The audio hardware consisted of a digital audio interface (RME MADI face XT), digital-to-
analog converters (Ferrofish A32), multi-channel amplifiers, and parallel vibrating voice coil actu-
ators (Lofelt L5), t L5). The MADI face XT receives information from a computer via a USB cable
and sends the signal to the Ferrofish A32 Analog-to-Digital/Digital-to-Analog (AD/DA) converter.
Ferrofish A32 then conveys the signal to the amplifier, which then sends the amplified signal to
the actuators.

Notably, we performed force measurements at the contact surface between the enclo-
sures and the forearm skin using a Force-Sensitive Resistor (FSR), specifically the FSR03 se-
ries, from Ohmite Manufacturing Company, Warrenville, IL, USA. The force was adjusted
tobe 1.64 N for all participants.

The experiment consisted of six blocks of tactile patterns, each involving four miniblocks
presented in a randomized order —either sequentially or simultaneously. Each miniblock
featured seven random patterns, and during the response interval, participants were tasked
with replicating the presented pattern on a keypad.

4. Results

A repeated measures ANOVA was conducted to examine the effects of the presenta-
tion mode (simultaneous or sequential) and the length of the patterns (short or long) on
the accuracy of vibrotactile pattern reproduction. The results showed that both the presen-
tation mode (F (1, 20) = 1033; p = 1.07 x 10~!8) and the length of patterns (F (1, 20) = 53.6;
p=4.41 x 10~7) had a significant effect on accuracy. Accuracy was significantly higher with
sequential presentation than simultaneous, and performance was better for short vibrotac-
tile patterns than long ones. Additionally, there was a significant interaction between these
two factors (F (1, 20) =12.4; p = 0.02; p <0.05), indicating that the effect of pattern length on
accuracy differed depending on the presentation method.

We defined ‘accuracy’ as the participant’s ability to correctly recognize and report
the vibrotactile patterns applied to the skin of their forearm. For sequential activation, a
‘correct response’ meant that participants accurately identified and reported all the acti-
vations in the presented sequence and, importantly, maintained their correct order. The
order in which they reported the dots was therefore critical for accuracy. In contrast, for
simultaneous presentation, a ‘correct response’ was determined by participants’ accurate
identification of the numbered actuators in the pattern. The order in which participants
reported the vibrations therefore did not affect accuracy.
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The data in Figure 4 reveal that the detrimental effect of simultaneous presentation
was larger for the long patterns than the short ones. Overall, these findings suggest that the
presentation method has a large effect on the accuracy of vibrotactile pattern recognition.
In addition, there was a large effect of the pattern length (short versus long).

100 |
920 - TTTEe———e——
80 —_—

70 -

60 - [ |Simultancous
50 [ Sequential

“I 1

30 - — i

Accuracy (%)

20 o

10 -

1
Short Patterns Long Patterns

Figure 4. Box—whisker plot comparing the accuracy (y-axis) between the two different pattern
lengths (short- and long-length patterns) with different vibrotactile presentation methods (x-axis):
the graph shows the average accuracy in percentages on the upper side of the forearm for sequential
(blue) and simultaneous presentations (orange). The box length shows the interquartile range (IQR)
and the 25% and the 75% limits, and the horizontal bar inside the box shows the median value. The

ends of the box plot represent minimum and maximum values.

The box plots (Figure 4) show how the median accuracy was highest for sequential
presentation for both short (97.19%) and long patterns (89.29%). The most notable result
is that presenting vibrotactile patterns sequentially was vastly more effective for accuracy
for both short and long patterns. Another important result is that accuracy during simul-
taneous presentation was much lower for long patterns (15.28%) than short ones (37.80%).

4.1. Vibrotactile Pattern Length

Short-length patterns were recognized with considerably higher accuracy than longer
patterns. This implies that pattern length plays a crucial role in the accurate recognition of
vibrotactile patterns on the skin. Longer patterns, due to their increased complexity, might
challenge participants’ ability to discern and interpret them accurately. In contrast, shorter
patterns are more easily grasped, leading to better recognition accuracy (Figure 4). Note
that this difference between short and long patterns may additionally reflect differences in
demands on working memory and increased complexity for responding.

4.2. Simultaneous Versus Sequential Presentation

We also investigated the effects of two distinct presentation methods: sequential and
simultaneous. Our results revealed a large and highly significant difference in accuracy
between these two methods. Sequential presentation yielded an impressively high aver-
age accuracy rate of 93.24%, indicating that participants were highly adept at recognizing
vibrotactile patterns when presented sequentially.

In contrast, the average accuracy for the simultaneous method was substantially lower
(26.15%). This very large difference clearly demonstrates that the presentation order of the
vibrotactile patterns greatly affects accuracy (Figure 5).
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Figure 5. Accuracy for the two different stimulus presentation methods (sequential and simultaneous).

4.3. Stimulus Order Effects

Figure 6 illustrates how the average accuracy for the recognition of stimuli presented
during sequential presentation is influenced by the serial position of the stimulation. The
accuracy shows both of the well-known primacy and recency effects [37].

Long patterns
98.50

93.93
92.20 100 91.76 88.05 9014
8175 83.55 90 81.58 81.22
80

1 2

70

N
> 60
Q
© 50
=
S 40
<
30
20
10
0
3 4 5 6 1 2 3 4 5 6
Order of an actuator within a sequence Order of an actuator within a sequence
(a) (b)

Figure 6. (a) Accuracy as a function of serial position of each individual vibrotactile stimulation
during sequential presentation for short (2-3 actuators) and (b) long patterns (4-5 actuators).

The primacy effect entails that stimuli presented at the beginning of a sequence are
more easily reported. The recency effect is seen in the fact that participants exhibited higher
perceptual accuracy and recall for stimuli presented later in the sequence. These serial po-
sition effects and their influence on recognition of the patterns provide important insights
into how the order of stimulus presentation impacts participants’ perception and mem-
ory [38,39].

4.4. Learning Effects

An additional finding is that participants” average accuracy in recognizing vibrotactile
patterns increased throughout the course of the six experimental blocks, showing a clear
learning effect over time (see Figure 7). An ANOVA analysis revealed significant differ-
ences in accuracy among the six experimental blocks (F (5, 168) = 2.91; p = 0.015), showing
how pattern reproduction improved as the experiment progressed.
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Figure 7. Performance across the six experimental blocks. The figure shows a clear learning effect
over time (the 6 experimental blocks) for both presentation methods (simultaneous and sequential)
and different pattern lengths (short (A) versus long (B) patterns). The error bars show the standard
deviation within each group for each block.

This emphasizes the importance of considering training schedules for sensory substi-
tution devices, in light of the considerable improvement that we see over only a 35 min.
long experiment. Training should, therefore, be considered in addition to presentation
methods and pattern lengths when designing experiments on the recognition of vibrotac-
tile patterns, but even more importantly, it should be considered when sensory substitu-
tion devices are designed. Adequate training ensures that participants have the necessary
knowledge and skills to perform the tasks or recognize the patterns that are being tested.

Without proper training, experimental results may be influenced by participants’ lack
of familiarity with the task in each case. The finding of a learning effect over a relatively
short experiment duration emphasizes the dynamic nature of vibrotactile pattern recogni-
tion and the potential for rapid performance improvement. This knowledge is valuable for
designing effective training schedules and optimizing the usability of sensory substitution
devices. When planning experiments on vibrotactile pattern recognition, it is therefore es-
sential to factor in not only training but also the potential for skill development over time,
along with other variables such as presentation methods and pattern length.

Overall, Table 3 provides insights into how the performance indicators in this study
differed in terms of their presentation methods, accuracy rates, pattern lengths, stimu-
lation times, learning effects, serial position effects, and user feedback in the context of
cognitive tasks.

Table 3. Comparison of performance indicators in this study.

Performance Indicators 1 1I
Presentation Method Sequential Simultaneous
Accuracy Rate High (93.24%) Low (26.15%)
Short patterns (2-3)/Long Short patterns (2-3)/Long
Pattern Length patterns (4-5) patterns (4-5)
Stimulation Time 500 ms with a 450 ms interval 1000 ms
Learning Effects Positive Positive
Serial Position Effects Primacy and recency -
observed

User Feedback Positive Negative
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5. Discussion

We introduced a novel approach to presenting vibrotactile stimulation patterns with a
forearm-mounted wearable vibrotactile sleeve, where Braille-like patterns were conveyed
with tactile actuators. Our investigation focused on comparing the effectiveness of sequen-
tial versus simultaneous presentations of vibrotactile stimuli, as well as evaluating the in-
fluence of pattern length on recognition accuracy.

The results provide evidence in support of sequential over simultaneous stimulus
presentation. We observed a vastly higher average accuracy rate for sequential (93.24%)
presentation than simultaneous (26.15%). It is nevertheless important to note that the to-
tal stimulation time was lower for simultaneous presentation (1000 ms) than sequential,
which could take from 1450 ms (for two activations) to 4300 ms (for five activations). This
difference in presentation time affects how much information can be transmitted and is a
question that needs to be addressed in future studies.

It is also important to consider the practical implications of sequential versus simul-
taneous presentation. In real-world scenarios (such as reading Braille text), the efficient
retrieval of information is crucial. The practicality of any Braille design therefore involves
a delicate balance between accuracy and speed. Although this aspect was not the pri-
mary focus in this phase of study, it is nevertheless a consideration to be addressed in
future research.

Furthermore, we observed large accuracy differences between the two vibrotactile
pattern lengths (long versus short). Accuracy was significantly higher for the short pat-
terns requiring 2-3 actuators than the long patterns requiring 4-5 actuators. Pattern length,
therefore, has a large effect on accuracy, with short patterns leading to higher perceptual
accuracy. This difference was seen for both simultaneous and sequential presentations.
But here again, we should note that more information can be conveyed with longer pat-
terns, and future studies need to determine the optimal combination of stimulus time and
pattern length for conveying tactile information. It is also important to consider to what
degree these differences between short and long patterns may reflect different demands
on working memory and increased s for responding.

Moreover, we investigated potential learning effects on pattern recognition accuracy
across the six blocks. The results revealed a consistent improvement in average accuracy
over time, indicating that participants were able to improve their ability to reproduce the
vibrotactile patterns. This was also the case for simultaneous presentation, although per-
formance levels remained relatively low.

Overall, our findings emphasize the importance of considering stimulus presentation
methods and vibrotactile pattern lengths when designing experiments related to haptic pat-
tern recognition, in addition to taking learning into account. These insights are crucial for
the development of effective vibrotactile pattern recognition devices and
training programes.

We also investigated any potential serial position effects, which can shed light on the
effects of the order of stimulus presentation on perceptual recognition. We observed both a
primacy effect (better performance for stimuli at the beginning of a sequence) and a recency
effect (higher accuracy for stimuli at the end of a sequence). Performance was, on the other
hand, slightly poorer for activations during the middle of the sequences than for the initial
and final stimuli.

Regarding the differences between presentation modes, during sequential activation,
participants have the advantage of analyzing the activations one at a time, using their work-
ing memory to process and identify patterns. Conversely, simultaneous activation requires
rapid, concurrent processing of multiple activations, which may surpass their working
memory capacity.

Potential Applications to Braille Presentation

Our ultimate aim is to develop a wearable device for presenting Braille with vibro-
tactile stimulation. While our current experiments involved the performance of college
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students without prior Braille literacy, they are a necessary first step in this development.
It is important to obtain reliable results for our equipment before engaging with a more
specific and sensitive population. During this initial phase of our research, we therefore
focused on the ability to reproduce vibrotactile patterns, irrespective of Braille expertise.
We also aimed to assess the basic functionality and reliability of the wearable, ensuring
that it can be a versatile tool in a wide range of scenarios beyond Braille reading.

One of our next steps is to test the performance of actual Braille readers with this
device. Notably, visually impaired individuals often have an acute sense of touch, and
there is good evidence of neural reorganization and enhanced abilities following sensory
impairment [40].

For example, there is evidence that Braille reading recruits the visual cortex of blind
individuals [7,41,42]. It will furthermore be of future interest to investigate the relation be-
tween such neural reorganization and the age of onset of sensory impairment in the context
of our device. Other factors to consider include investigation into the biocompatibility of
the vibrotactile stimulation system, cross-modal plasticity, innervation, skin composition,
skin thickness, and individual variations in sensory processing.

We believe that Braille conveyed through tactile stimulation can offer significant bene-
fits over other presentation methods. Consider the scenario of a blind person navigating an
unfamiliar city. While audiobooks and voice-based navigation apps undoubtedly provide
valuable information about their surroundings, the integration of tactile Braille patterns
through a wearable device can complement and enrich their experience in several ways.

In densely populated urban environments, audio cues can be challenging to discern
and may even become drowned out. In such instances, tactile Braille can convey direc-
tions or street names to the skin. This hands-free approach not only obviates the need to
carry and operate additional devices but also ensures privacy and discretion. The tactile
feedback can also serve as a tactile map, allowing users to better comprehend intricate
environments such as subway systems or train stations.

Moreover, the benefits of tactile Braille may extend to situations where rapid responses
are needed. In such scenarios, tactile alerts delivered to the skin can provide immediate
guidance, allowing the visually impaired to react swiftly.

The implications of our research can also be extended to other uses, including haptic
communication, assistive technologies, and virtual and augmented reality systems, where
the effective presentation of vibrotactile stimuli is crucial.

6. Conclusions

Our primary objective was to investigate ways of optimizing information conveyance
through tactile stimulation on the forearm. We pursued this by investigating optimal tac-
tile information encoding and presentation and by designing user-friendly wearables for
accurate delivery. Central to our research is the aim to improve tactile communication,
with a focus on accessibility.

The results have the following implications:

1. Sequential vibrotactile stimulus presentation 1is, overall, preferable to
simultaneous presentation.

2. Shorter patterns yield better performance than longer ones, offering insights into op-
timizing information conveyance and presentation durations.

3. Weobserved learning effects with repeated testing, underscoring the value of training
for such devices.

4. Primacy and recency effects in stimulus order during sequential presentation deepen
our understanding of perception and memory in sequential contexts.

These findings offer important insight for the design of effective vibrotactile pattern
recognition programs and for fine-tuning parameters for vibrotactile presentations of Braille.
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Abstract: Background Vibrotactile feedback systems are widely used in assistive technology, wearable devices,
and virtual environments to deliver precise tactile information. The timing of interstimulus intervals (ISIs) plays a
critical role in determining how accurately users perceive and interpret vibrotactile patterns. The optimal use of
ISIs can increase the effectiveness of these systems, improve user interaction, and enable reliable, intuitive
feedback in diverse applications. We examined how different interstimulus intervals ISIs impact the accuracy of
vibrotactile pattern recognition. Methods Participants wore a forearm-mounted device with six voice coil actuators
arranged in a 3 X 2 grid, delivering Braille-based vibrotactile patterns sequentially at ISIs ranging from 10 to 2500
ms. Eight participants performed identification tasks involving Icelandic Braille patterns categorized as either short
(2—3 actuators) or long (4—5 actuators). A repeated measures ANOVA was conducted to assess the effects of ISI,
pattern type, and practice (across two testing blocks) on pattern recognition accuracy. Results For short patterns,
accuracy was highest (92%—98%) at ISIs of 50—700 ms, with peak performance at 300 ms. For long patterns,
accuracy reached 86%—94% at ISIs of 100-500 ms, peaking at 400 ms. Participants were more accurate with short
patterns, and performance improved significantly over time for both short and long patterns, highlighting the
importance of training for vibrotactile pattern recognition. Conclusions These results underscore the importance of
careful selection of ISIs in vibrotactile feedback systems for accurate pattern identification. The findings provide
valuable insights for conveying tactile information using wearable devices, contributing to better tactile feedback
and performance in applications requiring precise vibrotactile information delivery.
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1 Introduction

Vibrotactile perception, which is the ability to detect and interpret vibrational stimuli applied to the skin, is a
fundamental aspect of human sensory processing. Information conveyance with vibrotactile devices has
increasingly been used across a wide range of applications [1-9]. By translating digital signals into vibrations,
vibrotactile feedback can be used for sensory substitution when one sense is deficient, or unreliable due to
environmental factors [10], and can provide users with immersive experiences in various contexts.

The potential of this technology has been demonstrated in various studies, revealing how it can improve
accessibility for those with sensory challenges [10—14]. As vibrotactile systems are increasingly being used
in various contexts, understanding the most efficient ways of conveying vibrotactile information in such
devices is important for maximizing their effectiveness across diverse applications. Vibrotactile feedback is
widely used across various fields to increase immersion in virtual reality (VR) [15], aiding exposure therapy
for fear of flying by simulating turbulence [16], and improving haptic perception in virtual environments,
allowing users to feel virtual objects [17]. Additionally, vibrotactile feedback can deepen gaming immersion
by simulating physical impacts, increasing realism and players’ sense of presence [18].

For individuals with visual impairments, vibrotactile systems have been of great use, such as the Sound of
Vision device [12,19], where vibrotactile stimulation provides visually impaired users with directional cues,
increasing confidence and mobility in unfamiliar environments [20]. Vibrotactile feedback has also been
used in the development of Braille reading devices, such as UbiBraille, which translates written text into
vibrational patterns felt on the fingertips, enabling tactile reading [21]. Vibrotactile feedback aids
individuals with auditory impairments by converting sounds into vibrations, enhancing awareness of critical
alerts [22].

Although vibrotactile devices can improve immersion across applications, optimizing their effectiveness
for information transfer remains crucial. Therefore, a deeper understanding of tactile signal interpretation is
important to refine data transmission through touch and ensure both accuracy and user comfort. For
example, the vibrotactile feedback used in the previously mentioned Sound of Vision device was based on
extensive research on the processing of vibrotactile stimulation of the human body [23,24,40].

To use vibrotactile feedback efficiently, it is essential to fine-tune key stimulation parameters to ensure
that vibrations are clearly perceived, convey distinct information, and remain comfortable for users. The
most important parameters to consider include intensity, frequency and amplitude of the stimulation,
location chosen for stimulation, signal duration, and the main topic here: interstimulus interval (ISI). Each
of these parameters is likely to play an important role in shaping how users perceive and interpret tactile
stimuli and maximizing information content over time. Stimulus intensity refers to the strength of the
vibrations. Higher intensities make vibrations more noticeable, which is particularly useful for tasks
requiring precise tactile feedback [25].

The frequency of vibrotactile stimuli significantly affects how accurately users perceive and interpret
tactile stimulation. In a recent study by our research group, we tested tactile stimulation on the wrist using
frequency ranges from 25 to 1000 Hz and determined that the most accurate performance was obtained for
frequency ranges from approximately 100 to 250 Hz [26]. In this frequency range (100-250 Hz), accuracy
remained unaffected by frequency variations but was highly dependent on stimulation location when
amplitude was constant [27,28]. Zhao et al. presented phonemes with a wearable vibrotactile stimulation
device, finding significant differences in accuracy for vibrations on the dorsal side of the forearm at two
frequencies (30 and 250 Hz). The accuracy was better at 250 Hz than 30 Hz [29], which is consistent with
the results of Aevarsson et al., who investigated the frequency range that was most sensitive to human
observers on the wrist [26]. Vibration amplitudes play a role in vibrotactile perception; higher amplitudes
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increase the intensity of sensation [30]. Several researchers have examined the effects of stimulus duration
on tactile recognition accuracy and have found considerable variability, revealing that the duration of
vibrotactile stimuli can significantly affect localization accuracy, with longer-duration stimuli generally
leading to better performance [31].

Moreover, localization and discrimination of vibrotactile stimuli differ considerably by stimulation site,
partly because of large differences in tactile resolution depending on location on the body [32]. However,
another equally important consideration is the intended use and whether stimulating particular locations
interferes with other activities. For example, while the fingertips have high resolution, they may not be
optimal for all devices. They may work well when the goal is “tactile reading”, as in the UbiBraille project
[21], but stimulating the fingertips may not work well for sensory substation devices, which are intended for
use while the user is actively moving around and engaging with their environment [10,33].

Tactile stimuli are generally perceived more accurately when delivered near anatomical reference points,
which Weber [34] and Boring [35] have associated with body landmarks. Anchor points, such as the wrist or
elbow, play an important role in tactile spatial acuity measurements. Research on pressure stimuli further
suggests that body landmarks may serve as reference points for tactile localization, with the highest
accuracy observed in joint regions [36]. Therefore, in our development of sensory substitute devices, we
focused on stimulation with a vibrotactile sleeve on the forearm or on the lower back [10,12,14,19,23,24,27,
28,37—40]. Another key question is whether information is conveyed sequentially or simultaneously [14].
Thus, an important tradeoff exists. Of course, the faster stimulation can be delivered, the better the
information conveyance, but there is also the danger that signals will be confused with one another if they
occur too close in time. We previously reported that simultaneous vibrotactile stimulation conveys less
information than sequential presentation [14].

However, the crucial question here is how close in time can two successive vibrotactile stimulations be for
meaningful information conveyance? Research has shown that ISI variations significantly influence key
perceptual aspects, including intensity discrimination and apparent motion. The ability to distinguish
between vibrotactile stimuli of different intensities is directly affected by the timing between successive
stimuli [41].

Studies investigating the effects of vibratory frequency and temporal intervals have demonstrated that
adjusting ISI can either increase or decrease the perception of continuous motion, which is crucial for
designing haptic interfaces that simulate movement [42]. These findings highlight the importance of fine-
tuning ISI to improve the clarity and effectiveness of vibrotactile feedback in various applications.

Although vibrotactile feedback systems are widely used in applications such as virtual reality, gaming,
and sensory substitution, there is a notable gap in the understanding of optimal ISIs for accurate pattern
recognition. Specifically, there is limited guidance on the optimal ISI ranges for different pattern lengths and
complexities, as well as on the timing intervals that balance speed and accuracy.

In addition, the interaction between ISI and pattern length, along with the impact of learning effects over
time, remain underexplored. Addressing these gaps is essential for designing vibrotactile systems that
deliver precise and efficient tactile communications. This study aimed to bridge this gap by systematically
investigating the effects of ISI on recognition accuracy, thereby contributing to the development of more
effective vibrotactile feedback systems. The vibrotactile sleeve used in this study provided information on
the forearm, a low-activity body area, freeing the hands for other tasks [10,12,14,24,26-28,34,43].

Our main research questions were as follows: 1) Optimal Timing: What ISI range maximizes the accuracy
of vibrotactile pattern recognition on the forearm? ii) Pattern Length Effects: How do the length and
complexity of vibrotactile patterns, such as longer or shorter sequences, affect performance, and do these
interact with the effects of ISI? iii) Training and Exposure: How do training and repeated exposure to
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vibrotactile stimuli influence performance across different ISIs?

2 Methods
2.1 Participants

The study involved eight participants (four females and four males) aged 23—38 years. All participants were
right-handed, had normal haptic perception, and reported no cognitive or sensory impairments. Prior to the
experiment, each participant provided written informed consent. This study was conducted in accordance
with the guidelines established by the local ethical committee and Declaration of Helsinki.

2.2 Voice coil actuators and vibrotactile sleeve

Voice coil actuators (VCAs; Model: Lofelt L5, Figure 1(a)) were used to deliver precise vibrotactile
stimulation. The L5 actuators have high force density and low power consumption, making them well-suited
for applications requiring high-quality tactile feedback (Table 1). They allow independent control of both
frequency and amplitude, which enables the creation of rich, dynamic vibrotactile experiences (refer to
Table 1 for detailed specifications).

Figure 1 (a) Lofelt L5 voice coil actuator used in the study; (b) Hardware configuration for vibrotactile stimulation along with the response
apparatus; (c) Layout of the 3D printed enclosures for actuators attached to the stretchable material that the sleeve was made of; (d) A
participant in the experimental setup, with headphones playing white noise to mask the sound generated when the actuators vibrate. The

participants responded to the vibrotactile feedback by pressing the correct keys on the response apparatus.

Table 1 Haptic, electric, and acoustic attributes of the Lofelt L5 actuator

Attribute Specification
Maximal voltage 1.4 Vrms at fO
Resonance frequency (f0) 65 Hz + 5%
Frequency range Min. 0.5 G over 35 Hz—1 kHz
Nominal impedance 8 Qat 0
Power handling Maximum: 320 mW

. Average at medium volume: 10 mA, bass music use-case
Current consumption . ;
Average at maximum volume: 57 mA, bass music use-case
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Therefore, these actuators can be used to generate accurate and versatile tactile stimulation. The actuators
were mounted on a soft, thin fabric arranged in a 3 x 2 grid along the forearm (oriented longitudinally) to
produce vibrations perpendicular to the forearm (Figures 1(d) and 2(a)). This grid was integrated into a
custom-designed vibrotactile sleeve made of Power Mesh fabric, composed of 90% nylon and 10% Spandex.
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Figure 2 (a) 3-by-2 tactile sleeve, consisting of 6 actuators, mounted on stretchable, wearable material; (b) Four examples of vibration
patterns, denoting the letters O, X, A, and D from the Braille alphabet (in panel b, ¢ and r refer to columns and rows on the tactile sleeve,

respectively).

The fabric was chosen for its comfort, breathability, and flexibility. Stretch straps with Velcro fasteners
were used to secure the sleeve to the participants’ forearms, allowing for an adjustable fit that could
accommodate a wide range of forearm sizes, ensuring both comfort and stability during use. Custom-
designed enclosures, 3D-printed using a Prusa MK3s printer and PLA material, housed the L5 actuators.
These enclosures were printed directly onto the fabric to ensure the direct transmission of vibrotactile
stimulation to the skin without any material layers in between. The L5 actuators measure W: 17.0 x D: 20.5 x
H: 6.2 mm in their static state and expand to W: 17.0 x D: 25.5 x H: 6.2 mm when vibrating at maximum
displacement (though they may not always operate at this level). The enclosures are slightly larger to
accommodate the actuators, particularly along the axis of vibration, with dimensions of W: 18.0 x D: 29.0 x
H: 7.2 mm and a wall thickness of 0.5 mm.

The enclosures were carefully designed to allow the actuators ample space to vibrate freely without
touching the enclosure walls, even at maximum displacement. Securely mounted inside the enclosures, the
actuators made direct contact with the skin at the stimulation surface, with no intervening fabric layers.

The thin, flat surface of the plastic casing was in direct contact with the skin to efficiently transmit
vibration signals. This ensured that vibrations were delivered to the user’s forearm through the
approximately 2 mm thick enclosure surface at the point of contact. The actuators were mounted inside
enclosures (Figures 1 and 2). The enclosures are essential for safe operation, designed to fit snugly and
prevent sharp edges from irritating the skin or compromising the integrity of the elastic fabric.

2.3 Equipment for stimulus presentation

For stimulus presentation, our custom-made equipment included a digital audio interface (RME MADIface
XT), digital-to-analog converters (Ferrofish A32), multi-channel amplifiers, and Lofelt L5 voice coil actuators.
The vibrotactile sleeve was connected to the audio hardware through wired connections (see Figure 1(b)).

2.4 Mapping patterns to vibrotactile cues

We used a set of eight unique patterns derived from the Icelandic Braille alphabet, categorized into short (2—
3 actuators) and long patterns (45 actuators; see Figure 2(b) and Table 2) patterns.
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Table 2 Overview of the selected Icelandic Braille alphabet characters, their Dot Patterns, and actuator requirements for presentation
(Standard Braille is indeed based on a 6-dot cell system, and each dot is assigned a position numbered 1 through 6. In this study, six actuators
were strategically assigned to the six positions of the Braille cell to replicate Braille-like patterns. Each actuator corresponds to one of the six

standard dot positions)

Short patterns Long patterns
a .16 q # 12345
c " 14 y i 12346
o = 135 X o 1346
d " 145 6 't 1456

They were used not for their linguistic or semantic meaning but to generate distinguishable tactile cues.
Our aim was to ensure that the evaluation remained centered on participants’ ability to perceive and
replicate tactile patterns, independent of any prior knowledge or association with Braille (see Figure 1(d)).

The patterns were presented sequentially, where each actuator was activated successively for 500 ms,
followed by a randomized interstimulus interval ranging from 10 to 2500 ms for each pattern (ISI was
randomized between trials but was constant within each trial).

Sequential stimulation was selected over simultaneous activation to minimize sensory interference and
vibrotactile masking. Simultaneous activation of multiple actuators can lead to overlapping sensory inputs,
reducing pattern recognition accuracy due to the difficulty in distinguishing between vibrations occurring
simultaneously. In contrast, sequential stimulation allows for temporal separation of each vibration event,
enabling clearer temporal differentiation. This facilitates more distinct processing of each vibration,
increasing pattern recognition accuracy and reducing cognitive load [14].

The chosen ISI range of 10—-2500 ms balances the temporal resolution of the somatosensory system with
the constraints of tactile working memory. Temporal summation in the somatosensory system leads to the
fusion of ISIs below 10 ms, particularly at higher vibration frequencies [44]. Conversely, ISIs exceeding
2500 ms challenge tactile working memory [45]. After the presentation of each pattern, there was a response
interval where participants had 5000 ms to reproduce the patterns presented by pressing the corresponding
keys on the keypad. A response time of 5000 ms was selected based on prior research findings, as this
balances task difficulty and aligns with similar studies [14].

The stimulation was set at a constant frequency of 100 Hz and constant intensity of 9.6 g because this
generates strong and distinct sensations that are easily perceptible while remaining comfortable for
users [14].

As mentioned before, 100 Hz falls within the frequency range to which human observers are most
sensitive [14,26], largely due to the high responsiveness of the Pacinian corpuscles—mechanoreceptors
specialized for detecting high-frequency vibrations.

The experiment included three independent variables: 1) Interstimulus Interval (ISI): This factor consisted
of 12 levels, ranging from 10 ms to 2500 ms. ii) Pattern Type: Two conditions were used: short patterns (2—3
actuators activated) and long patterns (4—5 actuators activated). iii) Block: The experiment was divided into
two blocks, where each participant was exposed to the same set of patterns twice to assess potential learning
effects over time. Block 2 involved the presentation of the same trials under identical conditions as in Block
1, allowing for within-subject comparisons of recognition accuracy over time. The blocks were distributed
progressively throughout the experiment. The dependent variable was the pattern recognition accuracy,

measured as the percentage of correctly identified vibrotactile patterns.

2.5 Familiarization session

Before the main experiment, participants received a briefing on the tactile stimulation they experienced.
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Each actuator was then activated six times in quick succession, allowing participants to familiarize
themselves with the sensations, patterns, and stimulus locations on their forearm. The participants then
practiced reporting the vibrotactile patterns using a keypad. To ensure that they were sufficiently well-
trained on the task, they took part in a preliminary block of 24 randomized trials with varying ISIs and

pattern lengths to ensure that they could confidently participate in the main experiment.

2.6 General procedure

To minimize external distractions, the study was conducted in an anechoic chamber with white noise played
through headphones during the experiment to eliminate any auditory cueing from the low sound produced
by the actuators when they vibrate (see Figure 1(d)). The participants were seated in front of a laptop
wearing the vibrotactile sleeve on their left forearm, which rested on a soft pad to prevent fatigue throughout
the experiment. To prevent visual cues, a pad was placed between the participants’ hands and eyes to block
their view. The vibrotactile intensity was calibrated using a three-axis accelerometer (Briiel & Kjar Type
4520) to a frequency of 100 Hz and intensity of 9.6 g.

To ensure consistency and eliminate potential sources of bias, a calibration process was conducted
individually for each participant prior to testing. The force value at the contact surface was 1.64 N,
measured with a Force Sensitive Resistor (FSR03 series). The procedure consisted of two blocks in which
tactile patterns were presented in a random order across a total of 192 trials. During the trials, the
vibrotactile sleeve delivered precise stimuli to the participants’ forearms, allowing them 5000 ms to respond
after each presentation of a pattern. ISIs varied across a range of 10—2500 ms, including 10, 20, 50, 100,
200, 300, 400, 500, 700, 900, 1500, and 2500 ms, ensuring a comprehensive assessment of participant
discrimination abilities by ISI.

However, ISI was constant for each trial. The sequences of ISIs and pattern lengths were presented in a

random order. Each session lasted approximately 40 min.

3 Results

A three-way repeated-measures ANOVA, along with post-hoc tests, were conducted to examine the effects
of Pattern (Short vs. Long), Block (Block 1 vs. Block 2), and ISI (12 levels: 10 to 2500 ms) on participants’
accuracy in vibrotactile pattern recognition.

To confirm the assumptions for the three-way repeated-measures ANOVA, we conducted Shapiro-Wilk
normality tests across different conditions. The results indicated that the accuracy data were normally
distributed (Blocks (p = 0.820, p = 0.262), Patterns (p = 0.843, p = 0.636), and ISI levels (p > 0.05)).

The analysis revealed a significant main effect of Pattern (F(1, 7) = 18.46, p = 0.004, > = 0.067),
indicating that accuracy differed significantly between short and long patterns. Specifically, the participants’
accuracy was higher for the short than long patterns. Additionally, there was a significant main effect of
Block, (F(1, 7) = 22.41, p = 0.002, > = 0.042), with participants performing significantly better in Block 2
than Block 1, indicative of learning improvement over time.

Our main question of interest concerned the effects of ISI. There was a significant main effect of ISI
(F(11, 77) = 3.69, p < 0.001, #?> = 0.139), highlighting that varying ISI significantly influenced accuracy.
The participants’ performance fluctuated depending on the timing between stimuli, with different ISI levels
affecting recognition accuracy. Moreover, there was a significant two-way interaction between Pattern (short
or long) and Block (F(1, 7) = 7.72, p = 0.027, * = 0.0006), suggesting that the effect of Pattern on accuracy
was moderated by practice over Blocks. This interaction indicates that the difference in accuracy between
the short and long patterns decreased over the two blocks, possibly reflecting changes in participants’
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familiarity with the task over time. However, there was no significant interaction between Pattern and ISI
(F(11, 77) = 1.164, p = 0.326, #* = 0.019), indicating that the effect of Pattern on accuracy was constant
across different ISI levels.

Similarly, the interaction between Block and ISI was not significant (F(11, 77) = 0.953, p = 0.496, »* =
0.009), suggesting that the effect of Block on accuracy did not vary across ISI conditions. Finally, the three-
way interaction between Pattern, Block, and ISI was not significant (F(11, 77) = 1.069, p = 0.397, »* =
0.008), suggesting that the main effects of these factors did not depend on the other main effects.

3.1 Effects of pattern

The repeated-measures ANOVA revealed a significant main effect of pattern length on accuracy,
demonstrating higher accuracy for short than for long patterns (see Figure 3). This suggests that the length

of vibrotactile stimulation is important for pattern recognition, with shorter patterns being easier to identify.
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Figure 3 Box-whisker plot comparing accuracy (v-axis) between the two different Pattern lengths (x-axis). The graph shows the average
accuracy in percentages on the upper side of the forearm for sequential presentation of actuators. The box length shows the interquartile range
(IQR) (25% and 75% limits), and the horizontal bar inside the box shows the median value. The horizontal lines show the minimum and

maximum values. The red dots show the accuracy values for individual participants.

These findings underscore the importance of considering pattern complexity in tasks involving
vibrotactile stimuli, as the ability to accurately identify patterns is significantly influenced by stimulus
length. A summary of the data distributions for both short and long vibrotactile patterns is presented in
Table 3.

Table 3 Summary of accuracy distributions for short and long patterns

Metric Short pattern Long pattern
Mean accuracy 88.10% 79.45%
Median accuracy 88.96% 80.53%
Standard deviation 7.72 10.73
Range 79% to 98% 58% to 94%

3.2 Effect of blocks

A repeated-measures ANOVA revealed a significant main effect of Block on accuracy in vibrotactile pattern
recognition (F(1, 7) =22.41, p = 0.002, > = 0.042).

In Block 1, the median accuracy was approximately 80.53%, indicating moderate accuracy as participants
were introduced to the vibrotactile patterns for the first time. The interquartile range (IQR) for Block 1
ranged from 73.18% to 87.24%, reflecting some variability in participant performance.
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In contrast, in Block 2, there was a notable improvement in accuracy, with a median of approximately
88.96%. The IQR for Block 2 ranged from 84.64% to 95.83%, reflecting greater consistency in participant
accuracy. This substantial improvement in performance from Block 1 to Block 2 underscores the beneficial
effects of practice and familiarity on the task, as participants became better at recognizing vibrotactile
patterns over time across all ISIs. This suggests that the participants’ ability to identify patterns increases
with practice, improving both accuracy and consistency. Users may require training to maximize accuracy,
particularly when interpreting complex and long patterns. Accuracy increased significantly from Block 1 to
Block 2, suggesting that practice and repeated exposure enhance recognition accuracy. Notably, the blocks
were not separated by scheduled breaks but represented repeated presentations of the same trials under
identical conditions, progressively distributed throughout the experiment.

The results emphasize the importance of task training and increased familiarity for improving
performance in vibrotactile pattern recognition tasks (see Figure 4). A summary of the data distributions for
Blocks 1 and 2 is presented in Table 4.
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Figure 4 Box-whisker plot comparing accuracy (y-axis) between the two different blocks (x-axis). The graph shows the average accuracy in
percentages on the upper side of the forearm for sequential presentation of actuators. The box length shows the interquartile range (IQR) (25%
and 75% limits), and the horizontal bar inside the box shows the median value. The horizontal lines represent minimum and maximum values.

The red dots show the accuracy for individual participants.

Table 4 Summary of accuracy distributions across blocks

Metric Block 1 Block 2
Mean accuracy 79.45% 88.10%
Median accuracy 80.53% 88.96%
Standard deviation 9.55 7.30
Range 73.18% to 87.24% 84.64% t0 95.83%

3.3 Effect of ISI

There was a significant main effect of ISI on accuracy (F(11, 77) = 3.69, p < 0.001, * = 0.139), indicating
that variations in the timing between stimuli significantly influenced participants’ performance on the
vibrotactile pattern recognition task.

These findings highlight the critical role of timing in tasks involving sensory processing, with certain ISI
durations leading to higher accuracy. These results underscore the importance of selecting optimal intervals
between individual stimuli for vibrotactile recognition. This ISI dependence demonstrates that the precise

timing of stimulus presentation significantly affects pattern recognition in such contexts.

3.3.1 Accuracy as a function of ISI for short and long vibrotactile patterns

There was no interaction between ISI and pattern length, suggesting that the ISI effect is independent of
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pattern length. However, it is important to assess whether our results suggest that certain ISIs are better than
others for sequential vibrotactile presentation. In the following, we describe what our post-hoc analyses
suggest as the optimal ISI for both short and long vibrotactile patterns.

(1) Short patterns

For short patterns, accuracy was significantly higher at 300 ms than at shorter intervals (e.g., 10 ms; ¢ =
-5.137, p = 0.027), with performance peaking at 98% for the 300 ms ISI. Performance remained high
between 300 and 500 ms, with no significant decreases in accuracy (f = 0.634, p = 1.000). This indicates that
short patterns are best recognized within the 300 to 500 ms range of ISIs.

The post-hoc test between 200 and 300 ms showed no significant difference (¢+ = —0.781, p = 1.000).
Similarly, there was no significant difference between 100 and 300 ms (r = —-3.742, p = 0.121), and the
comparison between 50 and 300 ms also revealed no significant accuracy differences (r = —-5.137, p =
0.383). The fact that 50, 100, 200, and 300 ms all showed very high accuracy—ranging from 94% to 98%—
supports the idea that performance is good and stable within this range.

The post-hoc test comparison between 500 and 700 ms showed no significant difference in accuracy (¢ =
1.843, p = 0.763). This demonstrates that the performance at 700 ms, with 92% accuracy, was not
significantly different from that at 500 ms, supporting the inclusion of 700 ms in the broader optimal range
(Figure 5).

—e— Short —=— Long m Short ® Long

> >
g g
3 3
Q Q
< <
40 1 1 1 1 1 1 1 1 1 1 1 1 L 1 L 1 1 1 L 1 1 1 -]
ASEENEN \QQ (»QQ %QQ @Q ‘)QQ (\QQ QQQ ‘3°Q @Q 10 20 50 100 200 300 400 500 700 900 1500 2500
Ny ISI (ms)
ISI (ms)
(@ (b)

Figure 5 (a) The graph illustrates accuracy in recognizing short patterns (blue) and long patterns (orange) across a range of ISIs.
Recognition accuracy is highest for both pattern types within a specific range of ISIs, reflecting optimal conditions for perception; (b) Box
plots showing accuracy distribution for short and long patterns across ISIs, ranging from 10 to 2500 ms. Each box plot represents the median
accuracy, interquartile range, and outliers for each ISI. Short patterns generally show higher accuracy compared to long patterns across most
ISIs, with the highest accuracy occurring within a specific ISI range. The spread and distribution of data highlight the variability in participant

performance.

The post-hoc comparisons confirm that there were no significant drops in accuracy between these
intervals, indicating that the performance is comparable across these ISIs.

While the accuracy at an ISI of 300 ms was the highest (98%), the differences between 50, 100, 200, 500,
and 700 ms were not sufficiently large to exclude them from the optimal range. The 50 to 700 ms range
(accuracy range between 92% and 98%) can therefore be considered optimal for short patterns, with some
indication that a 300 ms ISI may be the best ISI (98%), especially compared to higher ISIs, because the
shorter the ISI, the faster the information transmission.

(i1) Long patterns

For long patterns, the accuracy peaked at 400 ms (94%), and performance was relatively constant within the
100 to 500 ms range. Specifically, accuracy steadily increased from 100 to 400 ms, peaking at 400 ms, with
no difference between 100 and 300 ms (¢ = —3.742, p = 0.121), suggesting that the accuracy at 100 ms (89%)
was not significantly lower than that at 300 ms (93%).



Nashmin YEGANEH, et al. Vibrotactile pattern recognition: Influence of interstimulus intervals 493

Similarly, there was no significant difference between 200 and 300 ms (¢ = — 0.781, p = 1.000), further
confirming stable accuracy within this range. At 500 ms, the accuracy began to decline (to 86%), but the
difference between 400 and 500 ms was not statistically significant (z = 0.664, p = 1.000). Therefore, while
400 ms remained the most robust and clear optimal ISI for long patterns (accuracy 94%), the post-hoc
analyses support that the 100—500 ms range may be the optimal ISI range, given the stable accuracy within
this interval (accuracy range between 86% and 94%) (see Figure 5).

The interaction between ISI and pattern type (F(11, 77) = 1.164, p = 0.326) confirmed that the effect of
ISI on accuracy was consistent for both short and long patterns. This suggests that the same ISI range—100
ms to 500 ms—may lead to the highest accuracy for both short and long patterns. This conclusion is
reinforced by the post-hoc comparisons for both short and long patterns.

3.3.2 Average accuracy of vibrotactile pattern recognition across ISI

Figure 6 illustrates the average accuracy for short and long vibrotactile patterns combined across a range of
ISIs. The graph provides a general overview of how accuracy is influenced by ISI without differentiating
between short and long patterns, providing a broader perspective on performance trends when pattern length
is not considered separately.
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Figure 6 Average accuracy of vibrotactile pattern recognition across different ISIs for all patterns. The graph illustrates participant accuracy
(%) in recognizing vibrotactile patterns at various ISIs ranging from 10 to 2500 ms. Accuracy increases from shorter ISIs, peaks between 100
and 500 ms, and declines at longer ISIs. The error bars represent variability in accuracy among participants, highlighting consistency at

optimal ISI ranges and greater variation at very short and long ISIs.

At 10 ms, the average accuracy was approximately 73%, suggesting that participants struggled to recognize
patterns due to the rapid presentation of stimuli (this may simply be too close to simultaneous presentation,
which resulted in poor performance in our recent study [14]). As ISI increased to 50 and 100 ms, the
accuracy improved steadily.

The post-hoc analysis revealed no significant difference between 10 and 20 ms (¢ = — 0.390, p = 1.000),
but accuracy showed a notable improvement at 100 ms. The optimal ISI range seemed to be between 300
and 500 ms, with accuracy peaking at 300 ms (95.32%). This peak was supported by post-hoc testing, which
revealed a significant difference between 300 and 10 ms (z=-5.137, p = 0.027).

Accuracy was consistently high between 300 and 500 ms, with no significant decline observed within this
range. The post-hoc comparison between 400 and 500 ms showed no significant difference (¢ = 0.664, p =
1.000), suggesting that this range could be optimal for pattern recognition. The post-hoc comparisons
between 100 and 300 ms (¢t = —3.742, p = 0.121) and between 200 and 300 ms (¢ = —-0.781, p = 1.000)
revealed no significant differences. This indicates that the accuracies at 100 (91%) and 200 ms (93%) were
not significantly lower than that at 300 ms (95.32%). Therefore, it seems natural to include 100 and 200 ms

in the optimal range for vibrotactile pattern recognition.
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Beyond 500 ms, accuracy begins to decline, as indicated by the downward slope in the graph. However,
the post-hoc analyses revealed that the differences between 500 and 700 ms were not significant (¢ = 2.510,
p = 0.447), and while further declines occurred at 900 ms (¢ = 3.473, p = 0.162) and 1500 ms (¢ = 3.989, p =
0.092), these comparisons did not reach statistical significance. However, the overall trend of decreasing
accuracy with increasing ISI was clear. The error bars in the graph indicate a large variability in accuracy at
both the shortest (10 ms, 20 ms) and longest ISIs (1500 ms, 2500 ms), suggesting that participants’
recognition performance was less consistent at these extremes.

This variability likely reflects the difficulty of processing stimuli that are presented either too quickly or
too slowly. The graph suggests that when short and long patterns are considered together, the optimal ISI
range for vibrotactile pattern recognition is between 100 and 500 ms, where the accuracy remains both high
and consistent (accuracy range between 91% and 95.32%). The performance declined beyond 500 ms,
although the differences between certain ISIs were not always statistically significant.

The increased variability of both the shortest and longest ISIs highlights the importance of selecting ISI
values outside this range to achieve reliable and accurate pattern recognition with sequential vibrotactile
stimulation. We also highlight that shorter ISIs should, on average, be preferable because, — all being equal —
they enable faster information transfer. Table 5 presents the accuracy rates and standard deviations across
different ISIs.

Table 5 Accuracy and standard deviation of vibrotactile pattern recognition across different ISIs

ISI (ms) Accuracy (%) Standard deviation
10 73.44 17.60
20 75.78 14.34
50 79.69 13.67
100 91.07 9.45

200 93.75 8.84
300 95.32 8.68
400 93.75 10.02
500 92.97 11.78
700 82.47 19.18
900 78.92 20.29
1500 76.56 12.39
2500 73.44 24.78

4 Discussion

This study investigated the effect of ISIs on the recognition of sequential vibrotactile patterns delivered to
the forearm. These findings demonstrate that ISI has a substantial influence on recognition accuracy for both
short and long patterns. In addition to timing effects, a significant improvement in accuracy was observed
with continued exposure to the task, indicating a clear learning effect. The participants became more
accurate and consistent in identifying vibrotactile patterns over time. This finding is consistent with previous
research on tactile perception and highlights the importance of training and familiarization in the effective
use of vibrotactile feedback systems [14].

From an applied perspective, ISI selection should consider the specific demands of the intended
application. Shorter ISIs may be more appropriate for contexts requiring rapid feedback, such as real-time
alerts or interactive systems in gaming and virtual environments, where immediate and successive tactile
cues can increase user engagement. In contrast, longer ISIs may be preferable for tasks involving more

complex or information-rich feedback, such as navigational assistance or structured tactile communication,
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where additional processing time supports accurate interpretation.

Overall, the ability to adjust ISI based on task requirements supports more effective and context-sensitive
tactile communications. These results underscore the importance of considering both temporal parameters
and user experience in the design of vibrotactile systems across domains, such as assistive technology,

wearable interfaces, and immersive environments.

4.1 The balancing act in selecting presentation times and interstimulus intervals

Achieving a balance among vibrotactile patterns, speed, accuracy, and timing is important for the design of
various applications in which vibrotactile information is used to convey information to users. We have
previously shown that sequential pattern presentation leads to higher accuracy than simultaneous
presentation [14].

Our results suggest that ISI selection depends on specific applications and user tasks. For short patterns,
applications requiring quick feedback and immediate responsiveness—such as virtual reality (VR) or casual
notifications—can benefit from ISIs in the 50 to 700 ms range. In VR, immediate tactile feedback improves
user immersion and responsiveness, enabling seamless interaction with virtual elements [47].

Similarly, in gaming, signaling through rapid vibrations can increase immersion and engagement [18]. In
mobile apps, short vibrations can notify users of messages or reminders, keeping them engaged without
constantly requiring them to check their screens [48]. Fitness tracking applications use brief tactile signals to
notify users when they reach target heart rates or need to switch exercises, improving the quality of training
and maintaining motivation. In wearable technology like smartwatches, short vibrations alert users about
calls or calendar events, enhancing convenience and responsiveness.

Overall, short stimulation patterns foster quick interactions and enrich user experience through timely and
relevant feedback. However, when ISIs become too short, they approach the sensory fusion threshold of the
human somatosensory system. At this threshold, successive stimuli are perceived as simultaneous or
continuous rather than distinct, leading to a loss of sequential pattern recognition. This results in feedback
that feels parallel, thereby reducing its effectiveness in delivering precise and meaningful information.

To maintain clarity while benefiting from rapid responsiveness, ISIs should be carefully chosen and
preferably calibrated.

For longer patterns, applications can be extended to areas requiring more detailed information or sustained
feedback. In assistive technologies for the visually impaired, longer vibrotactile patterns can convey
complex information, such as Braille characters or navigational cues, helping users better understand their
environment. In gaming and VR, longer tactile feedback sequences may improve immersion and
complement shorter feedback. By integrating longer vibrotactile patterns, applications may improve the user
experience, especially when processing complex information over extended periods.

The identified ISI ranges can be used in devices such as tactile displays to improve the perception of
sequential patterns, enabling smoother and more accurate Braille reading. Navigation aids can deliver
distinct and reliable tactile cues for directional guidance, helping users navigate environments with greater
confidence. Additionally, wearable assistive devices can provide timely and precise alerts, improve
situational awareness, and reduce cognitive load. Tailoring tactile feedback to user needs should improve
usability, accessibility, and independence. For the optimal design of vibrotactile devices, several factors
must be considered, including vibration characteristics such as frequency, ISI, stimuli duration, intensity,
and other parameters such as the location of stimuli and length of vibrotactile patterns. These elements,
along with other considerations like user tasks and context, are important for selecting the most effective ISI
for a given purpose.

Achieving the right balance between accuracy, speed of conveying information, and specific purpose of
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the application is essential for maximizing the effectiveness of vibrotactile feedback devices. Although our
study primarily focused on the temporal effects of ISI, it is important to acknowledge the potential influence
of spatial stimuli. In vibrotactile feedback systems, users may rely on both temporal and spatial cues to
interpret patterns.

To minimize spatial confounds, we presented all patterns sequentially and maintained a consistent spatial
layout across all ISI conditions. This design ensured that any variations in the recognition accuracy were
primarily due to timing differences rather than spatial arrangement. Our findings showed a significant main
effect of ISI (p < 0.001), with systematic variations in accuracy across different ISI values.

This demonstrates that timing was the primary determinant of pattern recognition. Additionally, no
significant interaction was found between ISI and pattern type (»p = 0.326), indicating that ISI effects were
consistent for both short and long patterns. Nevertheless, future studies should explore the interplay between
spatial and temporal stimuli to provide a more comprehensive understanding of vibrotactile perception.

We hope that the current results will provide guidelines for the timing of stimulation of wearable tactile
devices for accessible information delivery. By establishing key parameters for accurate tactile pattern
recognition, our research provides a design framework for the use of these devices for individuals dependent

on alternative communication methods.

4.2 Limitations and future directions

Finally, we note some limitations. First, while the sample size of this study was relatively small (N = 8), the
within-subjects design mitigated inter-individual variability, improving statistical power and reliability.
Repeated measures allowed for direct comparisons within participants, reduced error variance, and enabled
the detection of systematic ISI effects. Note that small sample sizes are common in preliminary studies
exploring novel aspects of vibrotactile devices. Therefore, in future research, we will expand the participant
pool to validate these findings across more diverse populations and examine individual differences in tactile
sensitivity and learning effects.

In this study, the selected intensity level provided strong tactile feedback, ensuring consistent and easily
perceivable sensations across all participants. By fixing these parameters, we were able to isolate the effects
of ISI on pattern recognition accuracy, avoiding additional variability that could arise from changes in
frequency or intensity, thereby allowing a focused examination of temporal processing in vibrotactile
perception.

Nevertheless, it is important to recognize that frequency and intensity may interact with ISI in ways that
could influence recognition performance. These potential interactions highlight opportunities for future
research. Specifically, future studies should systematically vary the frequency and intensity to investigate
how they interact with ISI and affect pattern recognition accuracy. This could provide a more
comprehensive understanding of vibrotactile perception.

Although the present study demonstrates that ISI significantly influences vibrotactile pattern recognition
accuracy, the generalizability of these findings to real-world applications requires cautious interpretation.
Importantly, data were collected under tightly controlled laboratory conditions—specifically, within an
anechoic chamber, eliminating external sensory interference and restricting body movement. These idealized
conditions likely contributed to the high recognition accuracies observed and may not fully capture the
variability in performance encountered in dynamic, real-world environments.

In practical settings, several contextual factors may affect tactile perception, including ambient noise,
cognitive load from concurrent tasks, and attentional competition from other sensory modalities, such as
vision or hearing. Additionally, body movements—such as walking, reaching, or interacting with objects—
may alter the contact quality, attentional focus, or proprioceptive context in which vibrotactile cues are
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received, potentially affecting recognition accuracy. For example, in multitasking scenarios—such as
navigating with tactile guidance while walking and attending to visual cues—performance may be affected
by divided attention- and motion-related interference. Similarly, when multiple vibrotactile feedback sources
are active on different body sites, the spatial and temporal overlaps of stimuli may lead to perceptual
interference, further complicating recognition.

Furthermore, individual differences in tactile sensitivity and cognitive processing may influence the
perception and interpretation of vibrotactile cues. Variability in factors such as skin mechanoreceptor
density, age, or prior experience with haptic devices could result in different thresholds for effective ISI
ranges, thereby affecting system performance across users.

These real-world and individual-level complexities may alter the balance between temporal and spatial
processing of tactile information, indicating that ISI parameters may need to be adapted based on
environmental, physiological, and user-specific conditions.

These findings provide robust evidence for the critical role of ISI in vibrotactile pattern recognition. The
consistency and clarity of these results provide a solid foundation for understanding the temporal dynamics
of tactile perception. Therefore, this study holds particular value for the early-stage development of haptic
systems, where reliable parameterization is essential prior to real-world deployment. Future research should
investigate how ISI interacts with spatial configuration, user movement, attentional load, individual sensory
differences, and contextual distractions in more ecologically-valid settings. Such work will be essential for
translating these foundational insights into practical design principles and enabling the development of
robust, effective, and user-adaptive vibrotactile communication systems.

5 Conclusions

This study demonstrated that ISI significantly influences vibrotactile pattern recognition accuracy. Shorter
ISIs enable faster feedback and are suitable for time-sensitive applications, while longer ISIs improve
accuracy for more complex patterns. Fine-tuning ISI ranges by pattern length revealed that short patterns
were best recognized between 50 and 700 ms and long patterns between 100 and 500 ms. Performance also
improved with practice, highlighting the importance of training in tactile perception.

These findings offer a foundation for designing more effective vibrotactile systems across applications,
including assistive technologies, sensory substitution devices, virtual and augmented reality, and wearable
interfaces. Future research should investigate how ISI interacts with spatial layout, user movement, and

contextual distractions in real-world settings.
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