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Augmenting Human Ability through Electrical Muscle
Stimulation in Interactive Systems

— Ezxploring the Applications and Potentials of EMS in Embodied Interaction

Summary

This dissertation systematically investigates how Electrical Muscle Stimulation (EMS) can aug-
ment human abilities within interactive systems. It explores EMS as a non-invasive interface
that directly engages the human body to enhance sensorimotor control, coordination, and af-
fective{physiological regulation. The work introduces an EMS system architecture and a stim-
ulation e ciency model, followed by empirical studies validating its e ectiveness in improving
reaction time, nger precision, coordination, and stress regulation across various training con-
texts. Results demonstrate that EMS signi cantly facilitates skill acquisition and physiological
stabilization. Based on these ndings, the dissertation proposes the concept of \EMS-based Aug-
mented HCI," extending interaction from perceptual and cognitive domains to the bodily level.
This paradigm establishes a theoretical and practical foundation for future applications of EMS
in education, rehabilitation, entertainment, and emotional regulation, thereby broadening the
scope of Human{Computer Interaction toward embodied augmentation and human{technology
co-evolution.
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Chapter 1

Introduction

Contents
1.1 Background: Emerging Trends in Augmented HCI . . . . ... .. 1
1.2 Research Motivation and Research Questions . . . ... ... ... 4
1.3 Overview of the Dissertation Structure . . . . ... ... ...... 6

1.1 Background: Emerging Trends in Augmented HCI

Human{Computer Interaction (HCI) is a discipline that studies the interactive relation-
ship between humans and computer systems. Its goal is to optimize the interaction
experience, improve work e ciency, and expand the possibilities of information acqui-
sition and processing through technology and design [1]. Since its emergence in the
1970s, research in HCI has continuously evolved. In the early stages, the focus was
mainly on computer usability and the development of graphical user interfaces, enabling
non-expert users to e ectively operate complex systems through keyboards, mice, and
other devices [2, 3]. With the widespread adoption of mobile devices and the internet,
research shifted toward ubiquitous computing, emphasizing interaction models across
multiple devices and contexts to support access to information and communication any-
time, anywhere. In recent years, with advances in speech recognition, gesture sensing,
eye tracking, virtual reality (VR), and augmented reality (AR), the emphasis of HCI has
further expanded to natural interaction, aiming to enable computers to better under-
stand and adapt to human behaviors and intentions [4, 5]. Despite these achievements

in interaction modalities and user experience, a common feature is that the human has
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always been treated as the \operator", rather than as the \augmented".

Against this background, the concept of Human Augmentation has gradually been
proposed in both academia and industry. Its core objective is not merely to improve
the e ciency of information exchange between humans and computers, but to extend
and enhance human physical, perceptual, and cognitive abilities through technology
[6]. Research on human augmentation can generally be divided into four directions [7]:
perceptual augmentation, such as enhancing vision, hearing, or touch to extend human
sensory capacity; motor and coordination augmentation, such as improving strength,
speed, precision, and skill learning through exoskeletons, brain{computer interfaces, or
muscle stimulation; cognitive and decision augmentation, such as reducing cognitive load
and improving decision-making e ciency through arti cial intelligence and predictive
systems; and physiological and a ective regulation, such as using wearable sensors and
biofeedback to monitor and adjust stress, fatigue, and emotional states in real time.
These directions go beyond the traditional HCI focus on \optimizing the relationship
between humans and computers,” positioning computers instead as tools and mediators

for augmenting human capabilities themselves.

Figure 1.1: In this dissertation, Augmented HCI aims to enhance human perception,
sensorimotor coordination, cognitive processes, and physiological and a ective regulation
through computer-based technologies.

Based on this concept, Augmented HCI has emerged as a new research trend in recent
years [8]. The core idea of Augmented HCI goes beyond optimizing interaction inter-
faces to directly enhancing human abilities. It reframes computers not merely as tools
for information processing, but as extensions of human functions. Rather than focusing

solely on more e cient computer use, it ultimately seeks to improve human physical
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and cognitive performance. This trend has already manifested in multiple elds|for
example, the use of wearable devices and biofeedback to enhance performance in sports
training, the use of augmented reality with bodily feedback to accelerate learning in
education, and the integration of interaction technologies with physiological signals to
aid recovery in rehabilitation medicine. The emergence of Augmented HCI marks a shift
from \human-centered design" to \augmentation-centered design": it is not only con-
cerned with how humans can better use systems, but also with how humans themselves
can be strengthened and extended through systems (Fig. 1.1).

Among the many technologies applicable to Augmented HCI, Electrical Muscle Stim-
ulation (EMS) demonstrates unique advantages. EMS is a non-invasive technique that
applies low-intensity electrical currents to target muscles to induce contractions or assist
movements [9]. It is non-invasive and instantaneous, requiring neither surgery nor com-
plex apparatus to directly act on muscles and generate visible motion. It provides direct
bodily intervention: unlike visual or auditory cues, EMS delivers feedback or guidance
by activating the muscles themselves, forming a highly intuitive \body-level interaction.”

It is also highly controllable: by adjusting current intensity, pulse frequency, and pulse
width, EMS can exibly switch between \subtle cues" and \active movement induc-
tion." Furthermore, EMS has multi-domain applicability: originally used in rehabilita-
tion medicine, it has since been extended to sports training, interactive entertainment,
and even artistic performance [10, 11, 12].

These characteristics make EMS an ideal technological approach for Augmented HCI.
On the one hand, it can serve as an external cue that directly alters and shapes user
movements, lowering the threshold for skill acquisition. On the other hand, it can help
users acquire complex motor skills in a short time, with training e ects partially retained
even after stimulation is removed. Moreover, EMS can be integrated with physiological
signals such as heart rate and respiration to achieve multi-level augmentation across
perception, motor control, and a ective regulation. Therefore, EMS is not only a new
mode of interaction, but also a paradigm for exploring how human abilities can be

augmented through technology in the context of human{computer interaction.
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1.2 Research Motivation and Research Questions

Although EMS has already demonstrated its value in medical rehabilitation and shown
great potential in motor learning, its possibilities within the broader context of HCI have
not yet been systematically explored. Current HCI research remains primarily focused
on providing cues and feedback through sensory channels such as vision, hearing, and
touch. In contrast, interaction approaches that directly intervene in human movement
and physiological states are still in the early stages of investigation [13, 14, 15]. The
concept of Augmented HCI o ers a new direction for addressing this gap|namely, how
technology can directly enhance users' abilities in motor control, skill acquisition, and
physiological regulation. However, to fully realize the role of EMS in Augmented HCI,
several research motivations and open questions must be addressed.

First, existing methods of skill learning and training typically rely on extensive rep-
etition and long-term accumulation [16, 17]. Whether in the precision of operations
in esports or the nger dexterity required in musical performance, the learning process
depends heavily on individual perseverance and time investment. Such approaches are
often ine cient and subject to considerable individual variability. By externally stim-
ulating muscles, EMS can guide users to perform correct movement patterns within a
short period of time. Therefore, it is important to investigate whether EMS can serve
as an \accelerator" that e ectively shortens the cycle of skill learning and enables users
to achieve sustained improvement through short-term training.

Second, coordination training is central to many complex tasks [18, 19, 20]. For exam-
ple, hand{eye coordination is essential in contexts such as gaming, sports, and surgery.
However, traditional coordination training often lacks immediate bodily guidance, re-
quiring users to gradually establish the mapping between perception and action through
repeated trial and error. Through targeted stimulation of hand or nger muscles, EMS
can provide precise movement prompts or guidance during bimanual or multi- nger
tasks. Accordingly, it is necessary to explore whether EMS can help users more rapidly
acquire complex hand{eye coordination patterns, thereby improving e ciency and ac-
curacy in real-world tasks.

Third, in high-pressure and high-demand environments, emotional and physiological
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states often play a decisive role in performance [21, 22, 23]. For instance, in esports
competitions, players with excellent operational skills may still make errors due to ten-
sion and stress. Existing regulation methods|such as meditation, breathing exercises,
or psychological counseling|are di cult to apply in real-time interactive scenarios. In-
tegrating EMS with physiological signals, for example by detecting stress through heart
rate and stimulating respiratory muscles to regulate breathing rhythms, may create a
new mode of interaction. Hence, an important avenue of research is to examine whether
EMS can be used within interactive systems to achieve real-time regulation of physio-
logical and emotional states, thereby enhancing users' stability and performance under
pressure.

Moreover, the application of EMS in HCI also entails new challenges. For example,
how can stimulation parameters be individualized? Can users maintain su cient au-
tonomy and agency while being partially \controlled"? Does long-term use pose any
physical or psychological risks? These issues concern not only technical feasibility but
also the sustainability of ethical and practical considerations. Therefore, it is crucial to
investigate how EMS systems can be designed to enhance user abilities while ensuring
comfort, safety, and ethical soundness.

Based on the above re ections, this dissertation establishes the following core research
guestions:

RQ1 Can EMS, by directly driving muscles, e ectively accelerate skill learning and

produce both short-term and long-term retention?

RQ2 Can EMS help users form more e cient perception{action coordination in com-
plex tasks, thereby enhancing hand{eye coordination and multi- nger control?

RQ3 Can EMS be integrated with physiological signals to regulate users' emotional
and physiological states in real time, thus improving performance in high-
pressure scenarios?

RQ4 In system design and application, how can EMS ensure feasibility and ethi-
cal acceptability in terms of individual di erences, user agency, and long-term
safety?

In summary, the motivation of this study is to transcend the traditional limitations
of HCI that focus primarily on cues and feedback, and to explore the potential of EMS

as an interaction technology that directly acts on the human body to augment human
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ability. By addressing the above research questions, this dissertation aims to establish an
EMS-driven framework for augmented interaction and to validate its e ectiveness and
feasibility in perceptual{motor training, coordination enhancement, and physiological
regulation, thereby providing new theoretical and practical foundations for Augmented
HCI.

1.3 Overview of the Dissertation Structure

Building upon the research objectives outlined in the previous sections, this section
provides an overview of the dissertation structure. The dissertation is organized as
follows.

Chapter 2 reviews the background and research progress of Augmented HCI, with
a focus on directions of human augmentation and the current applications of EMS in
rehabilitation, interaction, and skill training, while clarifying the interdisciplinary posi-
tioning of this study. Chapter 3 presents the overall research objectives and framework
of the dissertation, explaining from a macro perspective how the di erent research ques-
tions and experimental systems are integrated into a uni ed paradigm of augmented
human{computer interaction. Chapter 4 introduces the fundamental principles and sys-
tem architecture of EMS, with detailed discussions on stimulation signal parameter ad-
justment mechanisms, e ciency modeling methods, and approaches for integrating EMS
with interactive systems, thereby providing the technical foundation for subsequent ex-
periments.

Chapters 5 to 7 form the core of the dissertation, presenting the applications and
experimental results of EMS across di erent augmentation directions. Chapter 5 focuses
on perceptual{motor augmentation, examining the role of EMS in timing training and
precise nger control. Chapter 6 addresses coordination augmentation, showing how
EMS can improve hand{eye coordination in bimanual tasks and validating its potential
in complex skill training through musical instrument learning experiments. Chapter 7
centers on physiological and emotional regulation, integrating physiological states to
propose and validate EMS-based methods for stress management and breathing rhythm

control.
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Chapter 8 provides an integrated discussion of the overall research outcomes and
application prospects. It analyzes the empirical results in terms of feasibility, limita-
tions, user experience, individual di erences, and potential risks, and further examines
the theoretical implications, design principles, and future application scenarios of EMS-
based augmentation across domains such as training, entertainment, and psychological
intervention, while also addressing ethical and social responsibility issues. Chapter 9
concludes the dissertation by summarizing the main technical, empirical, and concep-
tual contributions, articulating the paradigm of \EMS-based augmented interaction sys-
tems," and outlining future research directions, including multimodal integration, multi-
user interaction, and long-term adaptive interventions.

Through this structure, the dissertation progresses from theoretical foundations and
system development to empirical validation, integrated discussion, and conceptual syn-
thesis, ultimately establishing a comprehensive framework for EMS-based human aug-

mentation in interactive systems.
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Literature Review

Contents
2.1 Research Directions in Augmented HCI and Human Ability En-
hancement. . . . . . ... ... 8
2.2 Development and Applications of Electrical Muscle Stimulation . 10
2.3 Interdisciplinary Integration and Research Positioning . . . . . . . 12

2.1 Research Directions in Augmented HCI and Human
Ability Enhancement

HCI, as an interdisciplinary eld, emerged in the 1970s with the goal of understanding
and improving how humans interact with computational systems [24]. Early research
emphasized the usability of input/output devices, interface e ciency, and the reduc-
tion of users' cognitive and physical workload [25]. From command-line interfaces to
graphical user interfaces (GUI), and later to mobile and touch-based interaction, the
central objective of HCI has been to lower the communication cost between humans
and computers and to design interfaces that align with human perceptual and cognitive
characteristics [26, 27, 28].

Despite substantial progress, traditional HCI has primarily focused on improving the
e ciency and naturalness of information exchange, without directly engaging with the
guestion of how technology might extend or enhance human physical, perceptual, or cog-
nitive abilities. Discussions on human enhancement have long existed in related elds

such as cybernetics, human factors, wearable computing, and ubiquitous computing. For
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example, Mann's early work on wearable computing [29] and Maes's research on cogni-
tive augmentation [30] both explored how technology could function as an extension of
human capabilities. Within the HCI community, this line of thinking was further ar-
ticulated by Rekimoto, who framed Human Augmentation as a design perspective that
emphasizes using technology to expand human abilities rather than merely supporting
task execution [8]. With rapid advances in sensors, wearable devices, arti cial intelli-
gence, and biotechnology, this perspective has gained increasing visibility in HCI and
ubiquitous computing research [31].

This shift has contributed to the emergence of a research direction often referred to
as Augmented HCI, which positions technology as an active component that intervenes
in or complements human perceptual, motor, cognitive, and physiological processes.
Rather than viewing technology solely as an external tool, Augmented HCI conceptual-

izes interactive systems as extensions of the human body and mind.

Figure 2.1: Examples of Augmented HCI. (a) Jackin: a vision augmentation system
based on a third-person perspective [32]. (b) A wearable robotic limb that enhances
human capabilities [33]. (c) Electrical muscle stimulation training that improves reaction
time [34].

Existing work on human augmentation spans several complementary research direc-
tions (Fig. 2.1). The rst is Perceptual Augmentation, which aims to expand or enhance
human sensory experience. Augmented reality (AR) overlays virtual cues onto physical
scenes to support complex tasks [35], while haptic interfaces provide force or texture
feedback to enrich tactile perception [36]. The second is Motor and Coordination Aug-
mentation, which includes exoskeletons, supernumerary robotic limbs, brain{computer
interfaces, and electrical stimulation systems designed to enhance strength, dexterity,
or sensorimotor coordination [33, 37, 38]. The third is Cognitive Augmentation, where
computational tools support memory, attention, decision-making, and learning by re-

ducing cognitive load or o ering real-time guidance [39]. The fourth is Physiological

9
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and A ective Augmentation, which leverages biofeedback, wearable sensors, and intelli-
gent interventions to maintain optimal performance under fatigue, stress, or uctuating
emotional states [40, 41].

Together, these directions form the foundation of Augmented HCI, re ecting a broader
shift from designing e cient interfaces toward designing technologies that actively re-
shape human capabilities. This shift is evident across multiple domains. For example,
wearable sensing and feedback systems are used to improve athletic performance [42],
and interactive training systems leverage bodily cues to accelerate skill acquisition [43].
Such applications demonstrate that augmentation is no longer a purely conceptual vision
but has begun to in uence real-world practices.

Within this broader landscape, EMS represents a unique modality for augmenta-
tion. Because EMS can directly modulate muscle activation, it o ers the ability to
guide movement, support coordination, and integrate with perceptual or cognitive pro-
cesses. Building on these trends, the present dissertation systematically examines EMS
as a means of augmenting human abilities and clari es its role within the framework of

Augmented HCI.

2.2 Development and Applications of Electrical Muscle Stim-
ulation

As a technique that induces muscle contractions by applying low-intensity electrical cur-
rents to the surface of the skin, EMS was rst widely applied in the eld of rehabilitation
medicine to help patients with impaired motor functions caused by injury, surgery, or
disease recover muscle strength and motor abilities [44, 45]. In neurorehabilitation, EMS
is often implemented in the form of Functional Electrical Stimulation (FES), in which
electrical currents are applied while the patient performs specic actions to promote
coordinated activity between nerves and muscles [46, 47]. The goals of such applications
are to prevent muscle atrophy, promote blood circulation, and improve motor functions
through long-term training, thereby partially restoring the ability to perform activities

of daily living [48].

With the proliferation of portable stimulation devices and advances in electrode

10
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materials, the applications of EMS have gradually expanded into sports training and
performance optimization. In sports science, EMS has been used to enhance muscle
strength, increase reaction speed, and promote recovery. For example, Seyri et al. [49]
demonstrated that EMS interventions signi cantly improved physical performance in
both untrained and trained individuals, including athletes. Similarly, Babault et al. [50]
reported that long-term EMS training led to signi cant improvements in muscle strength

and explosive power among elite athletes.

Figure 2.2: PossessedHand system proposed by Tamaki et al. [51] (a) Electrode con g-
uration. (b) System controller. (c) Finger movement control via electrical stimulation
using the PossessedHand.

When introduced into HCI research, EMS was rst explored as a novel modality for
feedback and control. Early studies focused on using EMS as an alternative to conven-
tional haptic feedback, such as generating force sensations or movement sensations on the
skin and muscles, thereby assisting users in improving their motor control performance
[52]. Building on this, researchers began to experiment with directly driving users' ac-
tions through EMS to expand the diversity of interaction methods [53]. A representative
example is the PossessedHand system proposed by Tamaki et al. [51, 54], which stim-
ulates di erent muscle groups in the hand to control nger movements, allowing users
to passively perform more complex and exible gestures that they would otherwise nd
di cult to execute (Fig. 2.2). Such studies demonstrate the unique potential of EMS
in action guidance and interaction control, laying the groundwork for its extension from
rehabilitation and training technologies to interactive technologies.

In summary, the research and applications of EMS have gradually expanded from
medical rehabilitation to sports science and, subsequently, to exploratory work in inter-

active systems. Its uniqueness lies in combining non-invasiveness, safety, and the ability

11



Chapter 2. Literature Review

to directly drive muscle activity, enabling it to serve not only as a practical tool in
medicine and training, but also as a novel control and feedback channel in interaction
research. This developmental trajectory provides an important technical and research

foundation for further exploring the potential of EMS in Augmented HCI.

2.3 Interdisciplinary Integration and Research Positioning

As a technique that directly acts on human muscles, the research and application of EMS
are inherently interdisciplinary. Di erent disciplines provide the theoretical foundations
and practical pathways for the development of EMS, while HCI o ers new contexts and
methodologies for integrating these outcomes into applied scenarios.

In engineering and computing, research has primarily focused on the hardware design
and signal control mechanisms of EMS systems, with the aim of enabling e cient stim-
ulation of speci ¢ muscle groups and seamless integration into interactive systems. For
example, Jovct et al. proposed a wireless distributed functional electrical stimulation
system capable of controlling multiple channels simultaneously, providing more exi-
ble stimulation strategies and signi cantly improving the practicality of rehabilitation
training [55]. In the domain of interactive systems, Lopes et al. developed the Muscle
Plotter, which demonstrated how EMS could be used as a spatial output medium by
stimulating di erent muscle groups to generate tactile sensations on the skin, thereby
extending the application of EMS in interaction design [56]. In addition, early research
on upper-limb functional electrical stimulation laid important foundations for EMS sig-
nal control by exploring how multi-channel stimulation could achieve ne-grained motor
control [57]. Meanwhile, the development of intelligent wearable systems has further
promoted the miniaturization and portability of EMS technologies. For example, in
lower-limb robotics, Mohammed et al. discussed how functional electrical stimulation
could be integrated with wearable mechanical structures to achieve intelligent control of
limb movement, thereby enhancing system exibility and providing new directions for
combining EMS with wearable augmentation devices [58].

In medicine and rehabilitation, researchers have focused on the role of EMS in mus-

cle maintenance, blood circulation, and long-term neural recovery. Clinical studies have

12
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shown that EMS can e ectively prevent disuse muscle atrophy, particularly in patients
who are bedridden or in states of impaired consciousness, helping to maintain muscle
activity and delay functional decline [59, 60]. Moreover, low-frequency electrical stimula-
tion has been demonstrated to increase muscle strength and improve local blood supply
in patients with chronic heart failure [61], while graded stimulation has been applied
to enhance muscle hemodynamics in healthy individuals [62]. These ndings establish
the medical value of EMS for maintaining basic physiological functions. In neuroreha-
bilitation, Li et al. proposed combining electromyographic (EMG) signhals with FES
to improve motor recovery in stroke patients, showing that this \bio-signal-driven plus
external stimulation" model was more e ective for restoring motor function [63]. Sim-
ilarly, Fu et al. demonstrated through experimental research that EMS can accelerate
functional recovery following nerve injury [64]. More importantly, recent studies in neu-
roscience have revealed the relationship between EMS and neural plasticity. Carson et
al. showed that combining external stimulation with voluntary motor intent can induce
adaptive changes in the motor cortex, thereby facilitating motor learning and cortical
reorganization [65]. In addition, Gondin et al. conrmed that electrical stimulation
training has positive e ects on neural drive and muscle structure [66]. This mechanism
provides a scienti ¢ explanation for the long-term e ects of EMS and establishes a the-
oretical foundation for its extension from rehabilitation medicine to skill learning and
performance optimization.

In behavioral science and psychology, the focus has been on skill acquisition, cog-
nitive regulation, and the in uence of emotional states on task performance. Motor
learning theory suggests that the acquisition of motor skills typically depends on itera-
tive adjustments in perception{action mapping and the gradual consolidation of stable
motor memory through feedback. The integration of EMS into this process can provide
additional external signals, thereby reducing trial-and-error costs and accelerating the
formation of correct movement patterns. For instance, Kasahara et al. demonstrated
that maintaining user autonomy during EMS-based training not only improved the learn-
ing experience but also reduced reaction times once EMS was removed, highlighting the
importance of balancing external stimulation with voluntary control [34]. Beyond skill

learning, EMS has also been investigated as a medium for communication and infor-
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mation transfer. Dingler et al. introduced the concept of EMS Icons, where muscle
stimulation conveys analogical signals to help users understand and execute commands
more e ciently [67]. This illustrates how EMS can function not only as a tool for motor
guidance but also as a channel for communication and cognitive cues. Furthermore, psy-
chological studies emphasize the role of emotions and physiological states in performance.
Hoolahan et al. reported that combining EMS with virtual reality in uenced users' emo-
tional experiences and signi cantly a ected both e ort levels and muscle fatigue [68].
Similarly, Harvey et al. noted that functional electrical stimulation can generate psy-
chological bene ts in both rehabilitation and experimental settings, including increased
motivation, improved concentration, and reduced anxiety [69]. Together, these ndings
suggest that EMS can serve as a body-level intervention that in uences cognition and
emotional states either directly or indirectly through its integration with physiological
and psychological processes.

Building on these multidisciplinary ndings, the present research positions itself as an
e ort to integrate engineering, medicine, and behavioral science within a uni ed frame-
work oriented toward human augmentation. Unlike traditional HCI, which emphasizes
usability of interfaces and devices, this research focuses on how EMS can directly ex-
pand users' capability boundaries at the bodily level. Within this process, engineering
and computing provide the technical implementation through hardware and algorithms,
medicine elucidates the physiological mechanisms and safety boundaries, behavioral sci-
ence explains the psychological processes of learning and regulation, and HCI supplies
the methodological and application-oriented design context.

Therefore, the positioning of this dissertation can be summarized as follows: grounded
in the technical implementations of computer science and engineering, and informed by
physiological mechanisms from medicine and learning models from behavioral science, it
establishes an interdisciplinary framework for EMS-based augmented human{computer
interaction. Through this framework, the dissertation aims to explore how EMS can con-
tribute to skill acquisition, coordination enhancement, and emotional regulation, thereby

providing new research directions and application practices for Augmented HCI.
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3.1 Research Scope and Positioning

The overarching goal of this research is to explore the potential of Augmented HCI
through the application of EMS, and to propose and validate an interdisciplinary re-
search framework with EMS at its core. In traditional HCI research, the primary focus
of system design has been on improving interface usability and interaction e ciency,
while the user's body and abilities have often been regarded as xed boundary condi-
tions. However, with the emergence of the concept of Human Augmentation, the scope
of HCI has expanded to include how technology can directly alter and enhance human
capabilities. Building on this shift, the present study seeks to clarify the role of EMS
in augmenting human skills and regulating physiological states, and to establish a cor-
responding theoretical and practical framework.

The scope of this research can be de ned in several dimensions. First, at the technical
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level, it focuses on the application of non-invasive EMS, employing surface electrodes
and low-intensity currents to stimulate speci ¢c muscle groups. Unlike implantable neural
stimulation or clinical applications of FES, the EMS systems developed in this research
are designed for experimental and interactive scenarios with ordinary users, emphasizing
wearability, programmability, and everyday usability rather than long-term therapeutic
objectives in clinical rehabilitation. Second, with regard to research participants, the
study primarily involves healthy individuals and examines the role of EMS in skill ac-
quisition, hand{eye coordination, ne nger control, and the regulation of emotions and
physiological states. The experimental contexts include training games, musical instru-
ment practice, and task performance under stress, demonstrating the generalizability
and adaptability of EMS across di erent task domains.

In terms of disciplinary positioning, this research is inherently interdisciplinary. Com-
puter science and engineering provide the hardware architecture and signal control meth-
ods necessary for stable and adjustable EMS operation. Medicine and neuroscience con-
tribute theoretical insights into muscle contraction, neural plasticity, and physiological
regulation, revealing how EMS can in uence human functions in both short- and long-
term dimensions. Behavioral science and psychology supply models and explanatory
frameworks for skill learning and emotional regulation, enabling the experimental re-
sults to be situated within broader contexts of motor learning and cognitive regulation.
By integrating ndings across these elds, this study emphasizes not only technical fea-
sibility, but also the combined outcomes of user experience, learning performance, and
psychological well-being.

Therefore, the positioning of this dissertation can be summarized as follows: under
the technical conditions of non-invasive EMS, it investigates the role of EMS in augment-
ing perceptual{motor ability, coordination, and physiological regulation, and proposes an
interdisciplinary framework for augmented human{computer interaction. Through this
positioning, the dissertation both responds to the broader shift in HCI from interface de-
sign to human augmentation, and provides theoretical and empirical foundations for the
future application of EMS in domains such as education, entertainment, rehabilitation,

and psychological intervention.
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3.2 Conceptual Framework for EMS-Based Augmented HCI

Within the eld of Augmented HCI, EMS is distinctive in its ability to directly intervene
at the bodily level, in uencing both motor execution and physiological regulation. Unlike
conventional interaction modalities that rely primarily on visual, auditory, or tactile
cues, EMS applies electrical stimulation to targeted muscle groups, thereby functioning
simultaneously as an action cue, a means of motor induction, and a potential pathway
for modulating physiological and a ective states.

To systematically describe the role of EMS in human augmentation, this study pro-
poses a conceptual framework (Fig. 3.1) consisting of three core dimensions: Sensorimo-
tor Augmentation, Coordination Augmentation, and A ective and Physiological State

Augmentation.

Figure 3.1: A conceptual framework for EMS-based Augmented HCI.

The rst dimension, Sensorimotor Augmentation, emphasizes the enhancement of
motor precision, timing, and reaction speed. This dimension addresses how EMS can
provide immediate bodily-level feedback that facilitates the acquisition of accurate motor
patterns and reduces the reliance on repetitive trial-and-error.

The second dimension, Coordination Augmentation, focuses on complex multi-limb
and perceptual{motor tasks that require the integration of multiple channels of infor-
mation. By providing targeted stimulation at critical moments, EMS has the potential

to support users in establishing more e cient coordination across body parts, thereby
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accelerating the process of mastering complex motor interactions.

The third dimension, A ective and Physiological State Augmentation, highlights the
regulation of performance under conditions of stress, fatigue, or high cognitive load.
EMS, when combined with physiological signals such as heart rate or respiration, can be
explored as a bodily-level intervention to help stabilize users' internal states, enabling
more consistent performance across demanding contexts.

Based on these three dimensions, this research proposes a three-layer integrative
framework that articulates the pathways through which EMS contributes to Augmented
HCI. At the technical layer, EMS hardware systems, stimulation parameters, and safety
mechanisms provide the foundation for reliable application. At the task layer, EMS is
embedded within interactive contexts that serve as platforms for testing and validation.
At the ability layer, the ultimate focus lies in the augmentation of human capacities such
as motor precision, coordination, and emotional or physiological regulation. This layered
framework allows EMS to be conceptualized not merely as a technical intervention, but
as a bridge between engineering design and the expansion of human capability.

In summary, this conceptual framework positions EMS as a multidimensional aug-
mentation tool that operates across sensorimotor, coordinative, and a ective domains.
By situating EMS within a structured theoretical model, the dissertation establishes
the foundation for subsequent empirical studies that will examine its feasibility and

e ectiveness in practice.

3.3 Methodological Approach

To systematically investigate the potential of EMS in Augmented HCI, this study con-
structs a multi-layered methodological framework (Fig. 3.2). This framework integrates
experimental design, system development, interdisciplinary theoretical grounding, and
multimodal data analysis, ensuring progress in both technological feasibility and the
enhancement of human capabilities.

First, in terms of experimental design, the study employs a combination of con-
trolled and multifactorial approaches. By setting conditions with and without EMS,

performance di erences can be compared to identify the role of stimulation in learning
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Figure 3.2: Methodological framework for EMS-based Augmented HCI.

e ciency, coordination, and state regulation. The experiments include both short-term
studies, which focus on the immediate impact of stimulation, and longitudinal studies,
which examine retention and transfer e ects over time. Both within-subject designs (the
same participants tested under di erent conditions) and between-subject designs (di er-
ent groups tested under distinct conditions) are applied to increase statistical power and
interpretability. In all experiments, objective measures (e.g., accuracy, timing, phys-
iological signals) are collected alongside subjective assessments (e.g., perceived e ort,
fatigue, stress levels), ensuring a comprehensive evaluation of EMS e ects.

Second, in terms of system development, this research builds multiple EMS-enabled
interactive systems. On the hardware side, the systems are based on commercial stimula-
tion devices, supplemented by customized electrodes, relay modules, and control circuits
to achieve multi-channel, programmable, and low-latency outputs. Special emphasis is
placed on electrode material conductivity, comfort, and safety to ensure stable perfor-
mance during extended use. On the software side, real-time communication interfaces are
implemented to control stimulation parameters (e.g., current intensity, pulse frequency,
pulse width) and embed EMS into interactive task environments. The integration of
hardware and software creates an extensible platform that enables EMS to be adapted
across diverse experimental contexts and task types.

Third, from an interdisciplinary perspective, this study draws upon insights from

19



Chapter 3. Research Scope and Methodological Framework

computer science and engineering, medicine and neuroscience, as well as behavioral sci-
ence and psychology. Computer science and engineering contribute system architecture
and signal control mechanisms, ensuring safety and repeatability. Medicine and neuro-
science provide theoretical foundations regarding muscle contraction, neural plasticity,
and the physiological e ects of stimulation, de ning safe operating ranges for EMS.
Behavioral science and psychology o er models of skill acquisition, motor learning, and
a ective regulation, which serve as interpretive frameworks for experimental results. For
example, motor learning theories explain how EMS may reduce trial-and-error processes
to accelerate the formation of correct movement patterns, while a ective regulation the-
ories help interpret EMS e ects on stress and anxiety. Through this integration, the
study ensures both scienti ¢ rigor in experiment design and theoretical depth in result
interpretation.

Finally, in terms of data analysis, the study combines quantitative and qualitative
methods. Quantitative analysis includes a range of statistical techniques, such as t-
tests, one-way and multifactorial ANOVA, mixed-design ANOVA, and non-parametric
tests (e.g., Wilcoxon signed-rank test, Mann{Whitney U test), to compare di erences
across conditions. E ect size measures (Cohen's d,?, partial 2) are used to assess the
magnitude of EMS e ects. In longitudinal experiments, repeated measures and post-
hoc comparisons are applied to evaluate retention and learning trajectories. Qualitative
analysis is conducted through questionnaires and semi-structured interviews to capture
subjective experiences of EMS use, with responses coded and categorized using content
analysis. Additionally, multimodal data integration is employed by comparing behavioral
performance data (e.g., task outcomes), physiological signals (e.g., heart rate, EMG),
and subjective reports, enabling a comprehensive understanding of EMS e ects.

In summary, this methodological framework integrates four complementary dimen-
sions: experimental design, system implementation, interdisciplinary theoretical ground-
ing, and multimodal data analysis. It not only ensures the technical feasibility and
scienti ¢ rigor of the research, but also provides a systematic foundation for exploring
the augmentation potential of EMS within an interdisciplinary context. This framework
establishes the methodological basis for the empirical studies presented in subsequent

chapters.
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3.4 Research Questions Revisited

In Chapter 1, this dissertation introduced several core research questions aimed at explor-

ing the potential of EMS in Augmented HCI. Building on the research scope, conceptual

framework, and methodological approach outlined in this chapter, these questions are

revisited and further re ned to provide a clear roadmap for the subsequent empirical

studies.

RQ1

RQ2

RQ3

RQ4

Can EMS e ectively enhance skill acquisition e ciency through direct muscular
stimulation, and can such e ects be retained over time?

This question addresses the sensorimotor dimension, focusing on how EMS
may accelerate the acquisition of motor skills and support retention beyond
immediate training.

Can EMS facilitate coordination in complex multi-limb and perceptual{motor
tasks?

This question concerns the coordination dimension, examining whether EMS
can help users establish more e cient mappings across multiple actions or
modalities, thereby improving overall coordination.

Can EMS, in combination with physiological signals, contribute to the regu-

lation of emotional and physiological states, thereby improving performance
under demanding conditions?

This question pertains to the a ective and physiological dimension, exploring

whether EMS can act as an intervention mechanism to stabilize user perfor-
mance under stress or high workload.

How can EMS systems balance augmentation bene ts with user agency, safety,
and ethical considerations?

This cross-cutting question applies across all dimensions, addressing the bound-
aries of EMS use in practice. It focuses on issues such as autonomy, personal-
ization of stimulation parameters, long-term usability, and the broader ethical
responsibilities of applying augmentation technologies.

In summary, these four research questions correspond to the three augmentation

dimensions identi ed in this study, together with an overarching inquiry into ethical and

practical constraints. They form the guiding structure for the empirical investigations

that follow, ensuring that the dissertation systematically addresses both the possibilities

and limitations of EMS in Augmented HCI.

21



Chapter 3. Research Scope and Methodological Framework

3.5 Chapter Summary

This chapter has systematically elaborated on the scope of the study, the conceptual
framework, the methodological foundation, and the core research questions. First, in
the section on research scope and positioning, the dissertation clari ed its focus on the
application of non-invasive EMS, emphasizing its potential in skill acquisition, coor-
dination enhancement, and a ective regulation, while delineating its boundaries from
clinical rehabilitation research. Second, in the conceptual framework, the dissertation
proposed a three-dimensional model of EMS-based Augmented HCl|namely sensori-
motor augmentation, coordination augmentation, and a ective and physiological state
augmentation|and further established a three-layer structure comprising the technical
layer, the task layer, and the ability layer, to systematically explain how EMS can operate
across di erent levels. Third, in the methodological section, the dissertation outlined the
experimental research approach, system development strategies, interdisciplinary theo-
retical grounding, and multimodal data analysis techniques, ensuring that the study is
both technically feasible and theoretically anchored in behavioral science, medicine, and
engineering. Finally, this chapter revisited the four core research questions, addressing
EMS in terms of skill acquisition e ciency and retention, coordination enhancement,

a ective and physiological regulation, as well as challenges concerning agency, safety,
and ethics. These questions not only provide the logical backbone for the subsequent
experimental designs but also establish the foundation for the integrated discussion of
results.

Overall, this chapter has completed the transition from research background to re-
search objectives and methodology, constructing the theoretical framework that under-
pins the entire dissertation. The following Chapter 4 will delve further into the techni-
cal details and methodological underpinnings of EMS, discussing its hardware systems,
signal regulation mechanisms, e ciency modeling methods, and integration with inter-
active systems, thereby providing the technical foundation for the empirical studies that

follow.
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4.1 Principles and Theoretical Foundations of EMS

EMS is a technique that induces muscle contraction by applying low-intensity pulsed
currents to the skin surface. Its fundamental mechanism lies in activating motor nerves
through external current, thereby eliciting action potentials and driving the correspond-
ing muscles to contract [70]. Unlike voluntary movements, in which commands originate
in the cerebral cortex and are transmitted via the spinal cord to peripheral nerves,
EMS bypasses parts of the central nervous system and directly excites peripheral nerve
endings, thus arti cially controlling or assisting muscle activity. This externally driven
mechanism makes EMS both a form of physiological intervention and a mode of inter-
action control.

At the neurophysiological level, the principle of EMS can be summarized as \mem-
brane depolarization|action potential generation|muscle ber contraction” [71]. When

electrodes on the skin surface deliver a pulsed current of su cient amplitude, the cur-
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rent passes through skin, electrolytes, and tissue to reach motor nerve bers, causing
local membrane potential changes. Once this change exceeds the threshold, an action
potential is generated and propagates along the axon to the neuromuscular junction, re-
leasing acetylcholine to trigger muscle ber contraction. Unlike the selective activation

of motor units in voluntary movement, EMS relies on current di usion in tissue and
often activates a range of bers in a relatively \synchronous" manner [72]. This leads to
contraction dynamics that di er from voluntary contractions and can provide stronger,
more immediate control in certain tasks.

Related technologies include Transcutaneous Electrical Nerve Stimulation (TENS)
[73], Neuromuscular Electrical Stimulation (NMES) [74], Functional Electrical Stimu-
lation (FES) [46], and Transcranial Direct Current Stimulation (tDCS) [75]. TENS is
primarily used for pain relief by stimulating sensory nerves to block nociceptive transmis-
sion [76]; NMES emphasizes inducing muscle contractions for strength training or main-
taining muscular function [77, 78]; FES is commonly applied in rehabilitation medicine,
aiming to reproduce functional movements in daily activities [79, 80]; and tDCS applies
low-intensity direct current to the scalp to modulate cortical excitability, thereby in u-
encing cognition, emotion, and motor learning [81, 82]. By contrast, EMS is relatively
easy to wear and operate, as it can be applied to limbs without the complex electrode
arrangements required for head-mounted systems. At the same time, it acts directly on
muscles and produces visible motor e ects in a more intuitive manner. For this reason,
the uniqueness of EMS in Augmented HCI lies not only in rehabilitation or simple muscle
training, but in serving as an interaction medium that directly drives muscles to assist
task execution, accelerate skill acquisition, or regulate physiological states.

From a signal perspective, EMS typically uses pulsed rather than continuous current
to avoid tissue damage. Common parameters include current intensity, pulse width,
pulse frequency, and waveform types. These parameters jointly determine the sensation,
comfort, and e ectiveness of stimulation, and are therefore central to system design.
Rather than elaborating on specic ranges here, this dissertation provides a detailed
discussion of parameter modulation mechanisms in Section 4.3.

Within the context of interactive systems, the theoretical foundation of EMS can be

regarded as a \body-level interaction channel" [83]. Traditional HCI typically in uences
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user cognition and decision-making through visual or auditory cues, with the user then
performing the action voluntarily. By contrast, EMS intervenes directly at the muscular
level, providing immediate prompts or driving movement, thereby shortening the path-
way from perception to execution. This characteristic gives EMS two distinct potentials:
on one hand, it can serve as an assistive tool to accelerate skill learning and coordina-
tion pattern formation; on the other hand, it can act as an intervention mechanism to
regulate user states when combined with physiological signals. In other words, EMS
is not merely a physiological stimulation technique but an interaction mechanism that
transforms technological signals into bodily actions.

In summary, the principles and theoretical foundations of EMS are built upon the
neurophysiological mechanisms of action potentials while also relying on electrical engi-
neering for signal parameterization and hardware design. Its uniqueness lies in bridging
physiology and technology by directly acting on human muscles, making it a key enabler
of Augmented HCI. The following sections examine the architecture of EMS systems,
methods of signal regulation, and e ciency modeling, providing the technical foundation

for subsequent empirical studies.

4.2 System Architecture of EMS

To apply EMS in the context of Augmented HCI, it is essential to construct a sys-
tem architecture that is safe, controllable, and adaptable to multi-task scenarios. The
core of an EMS system lies in transmitting external electrical signals stably to the tar-
get muscles, thereby enabling precise action cues or motor induction. Building on the
physiological principles outlined above, this dissertation adopts a modular architecture
consisting of four main components: the power supply and signal generation module,
the control unit, the electrodes and connection structures, and safety and adaptation
mechanisms (Fig. 4.1).

The power supply and signal generation module provides stable current output for
the entire system. Common commercial EMS devices include products designed for
medical rehabilitation (for example, Omron's low-frequency therapy series [84], widely

used for pain relief and post-surgical rehabilitation) as well as those for sports and
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Figure 4.1. System architecture of the EMS system for Augmented HCI, consisting of
a power module, control unit, electrodes, and safety mechanisms, ensuring stable signal
transmission and adaptive stimulation control.

tness (for example, the PowerDot series [85], targeted at athletes and tness users for
muscle stimulation and recovery training). These devices deliver low-intensity pulsed
signals, often with multi-channel con gurations that are suitable for research requiring
independent stimulation of both hands or multiple ngers. In research-oriented systems,
voltage-controlled pulse generation circuits are typically employed, with parameters such
as pulse width, frequency, and current intensity adjustable to achieve precise control over
stimulation strength and sensory levels. To avoid tissue damage, symmetric biphasic
rectangular waveforms are commonly used to ensure charge balance.

The control unit manages the timing and programmable execution of stimulation
signals. Microcontrollers such as Arduino UNO [86], ESP32 [87], and M5Stack [88]
are used to control relays or electronic switches through digital signals and to interface
with higher-level interactive systems via serial connections or wireless communication.
This enables real-time data exchange with applications such as game programs or sensor
platforms (e.g., eye tracking, heart rate monitoring), forming the basis for event-driven
control strategies that are further detailed in Section 4.5.

The electrodes and connection structures represent the interface between the EMS
system and the user's body. Surface electrodes are typically made of conductive gel or
conductive fabric, attached to the skin to reduce contact resistance and ensure e ective
current delivery to target muscle groups. For hand-related tasks, common electrode

placement includes the exor digitorum profundus, exor digitorum super cialis, and

26



Chapter 4. Technical Foundations of the EMS-Based Interaction Platform

forearm extensors, which are directly responsible for nger exion, extension, and hand
movements. The size and placement of electrodes signi cantly a ect stimulation out-
comes: larger electrodes cover broader muscle areas but reduce precision, while smaller
electrodes allow more localized control but require careful adjustment of current inten-
sity and placement accuracy. To accommodate diverse experimental needs, this research
also explored wearable textile-based electrodes made of conductive bers, enabling more
convenient use of EMS in long-duration or multi-user contexts.

The safety and adaptation mechanisms are indispensable components of the EMS sys-
tem. Since individuals vary in skin impedance, muscle sensitivity, and current tolerance,
the system must support personalized parameter adjustment. In practice, a threshold
test is conducted prior to experiments to determine the lowest intensity that induces
clear muscle contraction without discomfort, which is then used as a reference for train-
ing parameters. Furthermore, the system includes automatic shutdown and protection
features, such as interrupting output in the event of electrode detachment or abnormal
current, to prevent unintended stimulation. These hardware-level safety measures are
complemented by interaction-level mechanisms discussed in Section 4.5.

In summary, the design goals of an EMS system architecture extend beyond electri-
cal signal generation and transmission to ensuring stimulation safety, controllability, and
adaptability. Through the stable output of the power and signal generation module, the
programmable exibility of the control unit, the rational design of electrode structures,
and the implementation of multi-layered safety mechanisms, EMS systems can support
a wide range of applications, from skill learning to emotional regulation. This archi-
tecture establishes the technical foundation for subsequent research on signal regulation

mechanisms, stimulation e ciency modeling, and integration with interactive systems.

4.3 EMS Signals and Parameter Modulation

EMS performance depends not only on system hardware and electrode placement, but
also critically on the parameter settings of the stimulation signals. Variations in current
intensity, pulse width, frequency, and waveform directly a ect the recruitment of nerve

bers, muscle contraction characteristics, and user perception (Table 4.1). Therefore, the
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scienti ¢ adjustment of EMS signal parameters is key to achieving e ective, comfortable,
and safe stimulation. This section systematically explains the major parameters and

their modulation mechanisms.

Table 4.1: Major EMS signal parameters and their modulation characteristics (minimal

version)
Parameter Typical Range Main E ects
Current 1{10 mA Activation depth
Voltage 0{20 v Output regulation
Pulse Width 50{500 s Fiber recruitment
Frequency 1{100 Hz (20{40 Hz typ.) Contraction rhythm
Waveform Monophasic / Sym. Bi / Asym. Bi Comfort balance

Current Intensity. Current intensity determines the number and depth of nerve
bers activated by stimulation. In general, low-intensity currents (1{3 mA) only in-
duce mild sensations or super cial muscle contractions, while higher currents (5{10 mA
or above) can recruit larger ranges of muscle bers, producing more pronounced mo-
tor output. Because skin and tissue resistance varies signi cantly between individuals,
commercial EMS devices typically provide an output voltage range of 0{20 V, with
current intensity adjusted to accommodate di erent user needs. In experimental set-
tings, a threshold test is performed to determine the lowest current capable of eliciting
clear muscle contraction without discomfort, and this value is then used as the basis for
subsequent training.

Pulse Width. Pulse width typically ranges from 50{500 s and directly in u-
ences the spatial recruitment of nerve bers and the perceived stimulation intensity.
Shorter pulse widths ( 100 s) primarily stimulate large-diameter bers, often produc-
ing sharper sensations with limited contraction, while longer pulse widths (200{400 s)
can activate a broader range of bers, resulting in stronger contractions. Excessively
long pulse widths may cause unnecessary pain or fatigue, thus requiring adjustment ac-
cording to task demands. For ne motor training (e.g., nger control), moderate pulse
widths (around 200 s) are commonly adopted to provide stable cues while maintaining
comfort; for larger motor tasks or strength training, longer pulse widths may be used to

enhance contraction e ects.
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Stimulation Frequency. Frequency determines the temporal characteristics of mus-
cle contraction. At low frequencies (1{10 Hz), muscles exhibit discrete twitches, suitable
for rhythmic training or light cues. At mid-range frequencies (20{40 Hz), contractions
begin to fuse into sustained tension (tetanic contraction), appropriate for posture holding
and functional training. At higher frequencies ( 50 Hz), contractions become stronger
and smoother, but the risk of muscle fatigue and discomfort also increases. Thus, in skill
training and interactive applications, mid-range frequencies of 20{40 Hz are typically
chosen as a compromise, allowing e ective cues under relatively comfortable conditions.

Waveform Type. Waveform characteristics also signi cantly in uence user expe-
rience. Common EMS waveforms include monophasic rectangular pulses, symmetric
biphasic pulses, and asymmetric biphasic pulses. Among these, symmetric biphasic
waveforms achieve charge balance within each cycle, reducing skin irritation and elec-
trochemical reactions, and are therefore most commonly used in research and practice.
Asymmetric biphasic waveforms allow di erent charge distributions in each phase, en-
abling more ne-grained control of ber recruitment. In augmented interaction appli-
cations, biphasic rectangular waveforms are generally adopted as a standard setting to
balance e ectiveness and safety.

In practical use, parameter adjustment must also account for individual di erences
and task requirements. Due to variability in skin impedance, muscle thickness, and
sensitivity, xed parameters cannot ensure universal applicability. This study adopts an
\individualized threshold calibration" approach, in which the minimal perceptual thresh-
old and the minimal contraction threshold are identi ed for each participant prior to
experiments, and training parameters are then set relative to these values. With respect
to task requirements, ne motor control demands lighter stimulation to avoid interfer-
ing with voluntary actions, whereas rhythm or reaction training can employ stronger
stimulation to provide clear motor guidance.

In summary, the modulation of EMS signal parameters is central to its function
in Augmented HCI. By appropriately con guring current intensity, pulse width, fre-
guency, and waveform, and combining these with individualized calibration and task
adaptation, EMS can achieve multi-level augmentation e ects while ensuring safety and

comfort. This provides the foundation for subsequent modeling of stimulation e ciency
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and integration with interactive systems.

4.4 Modeling and Computation of Stimulation E ciency

In applications of Augmented HCI, the e ectiveness of EMS depends not only on elec-
trode placement and signal parameters, but also on current conduction e ciency, tissue
resistance properties, and electrode{skin interface conditions. To better understand and
optimize the role of EMS in di erent tasks, this study proposes a modeling framework
for stimulation e ciency (Stimulation E ciency, ").

From a physical perspective, the process of EMS can be simpli ed as \current ows
from the electrode, passes through skin and tissue, and ultimately acts on target nerves
and muscle bers." In this process, stimulation e ciency " can be de ned as the propor-
tion of input electrical power that is e ectively absorbed by biological tissue and induces

neuromuscular responses. Its basic expression is:

n

Pe
SELE 4.1
= (4.1)

where B, denotes the electrical power output from the device, and R represents
the portion e ectively utilized by the neuromuscular system. Expanding this de nition

gives:
"=EGVET pif Al o H) (4.2)
where the parameters are de ned as shown in Table 4.2.
Table 4.2: Parameters and Symbols in EMS Output Model

Symbol Description
I Output current (mA)

\% Output voltage (V)
Tp Pulse width ('s)
fr Pulse frequency (Hz)
A Electrode{skin contact area (cm?)
c Electrode material e ciency (dimensionless, 0 . 1)
H Skin humidity factor (dimensionless, 0 H 1)
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Here, . and H are introduced as dimensionless empirical scaling factors to capture
the e ects of electrode material properties and skin conditions, rather than as strictly
measured physical quantities.

The input energy per pulse E, can be expressed as:

Ep=V | Tp (4.3)

At a stimulation frequency of f ;, the input power per unit time is:

Considering electrode contact e ciency and skin conduction properties, the e ective

power can be approximated using a simpli ed multiplicative model as:

A
A+Rs

Pe =Pin (o3 H (45)

where Rs denotes an equivalent area constant related to skin impedance. Finally,

stimulation e ciency can be written as:

Pe _ A
Pin A+Rq

¢ H (4.6)

This formula indicates that, under identical settings of current, pulse width, and
frequency, EMS e ciency is primarily in uenced by electrode contact area, electrode
material, and skin humidity (Fig. 4.2). The larger the contact area, the higher the
conductivity, and the more hydrated the skin, the greater the e ciency. This result
aligns with empirical observations: when electrodes are loose, poorly attached, or the
skin is dry, identical output parameters often fail to induce e ective muscle contraction.

Although the above model is simpli ed, it highlights the multi-factor coupling char-
acteristics of EMS e ects. Based on this model, the present study adjusts stimulation
parameters such as current intensity, pulse width, and frequency according to these phys-
ical relationships, and further evaluates and validates their e ects through subsequent
empirical experiments.

In summary, the modeling of EMS stimulation e ciency provides a theoretical foun-
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Figure 4.2: E ects of electrode area, conductivity, and skin humidity on stimulation
e ciency. (a) When other conditions are constant, increasing the electrode area (A)
enhances stimulation e ciency, but the improvement gradually saturates as the area
becomes larger, due to the asymptotic behavior introduced by the skin impedance term
Rs. (b) When other conditions are constant, higher electrode conductivity ( ¢) results in
greater stimulation e ciency, showing an approximately linear relationship that follows
directly from the de nition of . as a normalized conductivity scaling factor in the
model. (c) When other conditions are constant, higher skin humidity (H) leads to higher
stimulation e ciency under the assumed linear scaling of H, indicating that hydrated
skin facilitates current conduction.

dation for understanding current conduction processes and guiding parameter optimiza-
tion. This framework serves not only as a conceptual basis for the physical modeling
of EMS but also as a reference for experimental parameter tuning in the later studies

discussed in this dissertation.

4.5 Integration of EMS with Interactive Systems

The application of EMS in Augmented HCI depends not only on the hardware devices
themselves but also on e ective integration with interactive systems. EMS can fully real-
ize its augmentation potential only when it is tightly coupled with task contexts, sensor
inputs, and real-time feedback mechanisms. In this research, integration methods for
EMS and interactive systems were designed across multiple experimental scenarios, fo-
cusing on four main aspects: interface design, real-time control, cross-modal integration,
and safety and ethical mechanisms.

In terms of interface design, EMS devices must achieve low-latency communication
with interactive systems. Building on the microcontroller-based architecture described in

Section 4.2, Arduino, ESP32, and M5Stack boards were employed as intermediate control
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units, establishing communication with higher-level software (e.g., Python programs,
game engines) via serial, Bluetooth, or Wi-Fi connections. In this way, critical events
in interactive tasks (such as target appearance, keypress signals, or changes in heart
rate) can trigger EMS output within milliseconds using an event-driven protocol. For
instance, in a shooting task, when a target appears, the system immediately sends a
trigger signal to the microcontroller, which then applies a short pulse to the relevant
nger, forming an action cue.

In terms of real-time control, EMS must remain synchronized with the user's motor
intentions; otherwise, it may cause dissonance or interfere with the interaction experi-
ence. To address this, event synchronization and latency calibration were implemented.
Before the start of an experiment, the input{output delay of the system (e.g., the time
gap between target display and EMS trigger) was measured and calibrated to ensure that
stimulation occurred within the task-appropriate temporal window. For tasks requiring
multiple sequential stimulations (e.g., rhythm training), stimulation sequences were pre-
computed according to task frequencies, thereby avoiding runtime communication jitter
that could lead to timing shifts.

In terms of cross-modal integration, EMS often needs to work in coordination with
other sensors and feedback channels. For example, in stress regulation experiments, heart
rate sensors were used to monitor the user's physiological state in real time; when an
elevated heart rate was detected, EMS was applied to respiratory muscles to help restore
stability. In hand{eye coordination experiments, eye tracking was used to determine the
distribution of visual attention, while EMS provided bodily guidance when attention
shifts were required. In this manner, EMS functioned not as an isolated stimulation
device, but as a component of a multimodal interactive system operating alongside
visual, auditory, and haptic feedback.

In terms of safety and ethical mechanisms, EMS integration must carefully balance
user experience with risk management. In addition to the hardware-level protections
described in Section 4.2, interaction-level measures were incorporated, including pro-
viding an emergency stop button to allow users to interrupt stimulation at any time
and gradually adjusting parameters during long-term use to prevent fatigue or discom-

fort. Furthermore, during system design, the principle of \augmentation rather than
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replacement” was followed, whereby EMS served only as an assistive cue or guidance
mechanism rather than fully replacing voluntary user actions, thereby ensuring user
agency and sense of control.

In summary, the integration of EMS with interactive systems goes beyond technical
interfacing, encompassing task design, real-time synchronization, cross-modal collabora-
tion, and the balance of safety and ethics. Through these integration methods, this re-
search demonstrated the application of EMS in diverse interactive contexts such as game
training, musical instrument learning, and emotion regulation, providing a transferable

framework and practical insights for the design of future Augmented HCI systems.
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5.1 Overview of Sensorimotor Augmentation

Within the research framework of Augmented HCI, the enhancement of sensorimotor

abilities represents the most fundamental and critical dimension. To accomplish any
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interactive task, humans must rapidly and accurately map perceptual information from
the external environment to bodily actions. From simple clicking and keypress operations
to the mastery of complex professional skills, the e ciency of sensorimotor coordination
directly determines user performance. However, traditional skill training often relies
on extensive repetition and long-term accumulation. Such processes are ine cient and
prone to the development of erroneous movement patterns during the early stages of
learning, thereby increasing the di culty of skill acquisition.

EMS, by directly acting on human muscles, can provide immediate action cues or
actuation at the millisecond level. This unique characteristic makes it highly suitable
for improving two key aspects of sensorimotor coordination: the timing of actions and
the precise control of nger movements. First, EMS can guide users to perform the
appropriate action at the exact moment a target appears, thereby helping them form
correct response patterns in a shorter period of time. Second, EMS can stimulate hand
or nger muscles to assist users in executing ne and rapid movements, thus improving
both precision and speed. These mechanisms establish the theoretical basis for EMS
applications in the enhancement of sensorimotor abilities.

This chapter validates the e ects of EMS on sensorimotor enhancement through two
empirical studies. The rst study examines the role of EMS in action timing training,
focusing on whether it enables users to more quickly acquire timing skills in a shooting
game context. The second study investigates nger control, testing whether EMS can
improve speed and accuracy in ne motor tasks while also evaluating the retention of
training e ects. Together, these studies aim to address the following questions: Can
EMS signi cantly improve user performance at the sensorimotor level, and can such

improvements be maintained in both the short and long term?
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5.2 EMS-Based Training for Timing Control

Based on \Method of Electrical Muscle Stimulation for Training FPS Game Players in the Timing of

Shots." { Zhou and Segawa, Proc. ACM Hum.-Comput. Interact. (CHI PLAY 2023)

In rst-person shooter (FPS) games, accurate shot timing is a critical skill, yet casual
players often require extensive training to master it. Traditional practice methods are
time-consuming and limited by experience and equipment. EMS can directly stimulate
the relevant muscles, providing immediate cues at the motor level and accelerating the
formation of correct response patterns. This section introduces an EMS-based training

method for shot timing and evaluates its e ectiveness through empirical study.

5.2.1 Introduction

With the advancements in computer hardware, entertainment computing has grown
rapidly and has become a large-scale industry and a research eld [89]. Games are an
important part of this industry. In recent years, an increasing number of players have
participated in e-sports entertainment events and competitions. Although the e-sports
category is not considered a sport in the traditional sense, it has a large user base and
business value [90, 91]. As a part of e-sports, FPS games are extremely competitive and
playable, and many players devote their time and energy to them. For players, control
and experience in the game are important, as these elements directly a ect their score in
the game. The following factors can a ect their gaming experience: the frame rate and
resolution [92, 93, 94], the delay and instability caused by the network environment [95],
and using a head-up display for the game interface [96]. A study [97] showed that bullet
magnetism and area cursors can assist players in FPS games and optimize their gaming
experience. Players' emotions in FPS games tend to change with the situation, and
for these changes, bio-information can be obtained and analyzed using sensors [98, 99].
Several studies have shown that using this bio-information can also optimize the gaming
experience to some extent [100, 101]. In FPS games, there may be considerable di erence
in skill levels between hobby and professional players, which also a ects their gaming

experience. Average or novice players often do not enjoy their gaming experience because

37



Chapter 5. Sensorimotor Augmentation

of a lack of skills [102]. To enhance the in-game control and compensate for the lack of
experience, players often need to spend time improving their game skills [103]. According
to [104], game control can be enhanced by developing a exible mindset that enables
players to react quickly and e ectively during a game.

The current mainstream approach is to improve the player's control and optimize
the gaming experience by using professional gaming devices (such as gaming mice, key-
boards, and displays). When correctly con gured, these devices can compensate to some
extent for a player's lack of gaming skills and optimize the control of the game. Various
training software for FPS games [105] have powerful features for situational simulation
and customization, and players can improve their gaming skills by training repeatedly
using such software. However, the following problems still need to be solved: (1) Im-
proving shooting skills in FPS games through repeated training takes a long time. (2)
Although training software exists, it is di cult for players to understand the training
method and summarize the experience gained during the training, and strengthen their

skills without a coach.

Figure 5.1: Quick and e ective EMS training method to improve hit rates on moving
targets in FPS games. To shoot at a moving target in rst-person shooter (FPS) games,
the brain usually needs to perform a series of information-processing tasks and provide
feedback to drive the muscles to perform the action. The process is as follows: (1)
Identifying the target. (2) Calculating the best time to shoot. (3) Determining and
reacting to the shot. In this study, we constructed a system that uses EMS to drive
nger movements as a proxy for this process. We believe that using this EMS system
for shooting timing training can quickly improve the hit rate.

Here, we propose a new method of training players for FPS games. We constructed
an EMS-based shooting system (Fig. 5.1) to automatically calculate the timing of a shot
when the player encounters a moving target. When the system determines that the

target can be hit, it stimulates the player's hand muscles to respond using EMS to shoot
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the target. The training method repeats the process under certain rules to strengthen
the player's muscle memory. Hence, the players can gradually master the timing of
shooting the moving targets and enhance their control skills for FPS games.

Our goal is to train players for FPS games using an EMS-based system that can
improve their game control and gaming experiences. It is noteworthy that the proposed
method is not intended to replace other training methods. A training method using

EMS should be used as a complementary method to FPS training.

5.2.2 Related Work

Our approach is based on understanding the human perception of motion. To explain
our training method, we examine several aspects of motion perception, the de nition of

training, and the use of EMS.

Sensorimotor

Human motion perception is based on a complex sensorimotor system [106]. Johansson
et al. analyzed hand-eye coordination by asking participants to reach for and move a
bar to press a target switch [107]. When people interact with an object, they support
hand movements by visually marking key locations of the object and then invoking parts
such as ngers to point to these marked locations for movement. Hand-eye coordination
requires adequate support in motion perception. Similarly, the process of grasping ob-
jects based on haptic feedback also relies on motion perception [108]. The sensorimotor
system plays an important role in human interactions with target objects through vi-
sual, tactile, and auditory feedback, and we seamlessly acquire information and adjust
our physical movement and body posture accordingly in both ordinary and trained or
skilled movements. Based on this sensorimotor system, we can respond correctly to

relatively complex motor environments.

De nition of training

Training is the act of accumulating experience through practice to achieve a certain
goal. Lachman [109] de ned this process as one in which learning is a relatively stable

modi cation of the stimulus-response relationship as a result of functional environmental
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interactions through the senses. Krakauer and Mazzoni [110] showed that human senses
can be trained and that through learning, we can reduce the false predictions of our
senses. The human primary motor cortex (M1) displays mirror activity in response to
movement observation, is capable of forming motor memories, and is involved in motor
learning [111]. We can train the movement by repeating the same process, and when
the training is over, an after-e ect is created, which retains the e ect of our training
[106]. FPS games are highly competitive e-sports and require coordination of physical
functions, sensory awareness, and other aspects to control and win the game. Nagorsky
and Wiemeyer demonstrated the importance of coordination training in e-sports, which

is highly correlated with players' motion perception and plays an important role in the
ability to control one's body and limbs well and to predict and complete movements
during a game [112]. Ersin et al. [113] showed that the player perception and reaction
speed in the visual and auditory senses are highly correlated with time spent on the
game. Therefore, it is indispensable for players to train their senses. Proper training
enables them to accumulate more sensory experience and have a better perception of
the game for a better gaming experience [114]. [115] showed that the use of tDCS
(transcranial direct current stimulation) could improve the player's judgement of head
fakes in basketball in order to improve the player's perception of the action during the
game. This further demonstrates the possibility of using external stimulation to train

the player's in-game motion perception.

Advantages of EMS

Compared to the traditional actuation of robot arms [116] or exoskeletons [117], EMS de-
vices tend to be more convenient to wear and smaller and easier to use. At rst, EMS was
commonly used as a treatment for the rehabilitation of patients with motor disabilities

or to support patients with physical de cits [118]. With the expansion of EMS-related
research, recent studies focused on the use of EMS for interaction and expansion of body
functions. Takahashi et al. [119] achieved more exible nger movements through EMS
by con guring electrodes on the hand. Nishida et al. [120] demonstrated that EMS
could enable people to have faster reaction times by driving muscles. Kasahara et al.

[34] used EMS to drive the hand and developed an EMS-based system based to improve
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the reaction speed. When the EMS device was removed after training, the e ect of the
training was maintained. Therefore, EMS can be used as a training tool for improving

physical performance.

Timing perception in the game

In an FPS game, the players must always concentrate, obtain information about the
game scenario through our senses, and make quick and accurate judgments [121, 122].
Typically, the enemies in a game are in a moving state. It often takes a certain time
interval between the bullet ying out of the gun chamber and hitting the target after
ring and the moving enemy itself is in motion. Therefore, we need to estimate the best
ring time quickly to ensure that our bullets can accurately hit the moving target. It

is di cult to grasp the timing. If we shoot too early, the bullet will pass before the
target moves to its intended position, and if we shoot too late, the bullet will miss the
target. Therefore, shooting at a moving target is not simply a matter of quick reaction,
but of calculating the accurate timing of the shot based on the predicted movement of
the target. Importantly, this process of modifying shot control based on the judgment
of timing corresponds to the de nition of motion perception in [106], which means that
timing is also a form of motion perception. Previous studies have shown that judgment-
and prediction-based motion perception can be trained [123, 106].

Kasahara et al. [34] provided us with a way to use EMS to enhance the responses.
Because responsiveness is also a part of motion perception, we recognized the possibility
of using the EMS to enhance human motion perception combining studies [34] with [106].
Therefore, we propose a new hypothesis: it is possible to build a system that uses an
EMS to control an FPS game, in which the system automatically determines the best
time to shoot and uses it to drive the player's hand to shoot and hit the target. We
believe that using EMS for training FPS games can quickly improve a player's shooting
skills.

Of note, we consider a di erent situation in this study compared to that investigated
in Kasahara and Nishida's works [120, 34], which focused on improving reaction times
through training. In contrast, the proposed approach is designed to train players to

improve the timing of their shots in a game. Although they also considered training
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involving motion perception, the timing of shots in FPS games is a more complex skill
that primarily depends on calculating or judging a shot, predicting a target's movements,
and adjusting one's hand motions accordingly rather than purely relying on fast re exes

alone.

5.2.3 System Composition

Here, we built a system that uses an EMS to drive the player's hand, and we connected

the system to an FPS game (Fig. 5.2).

Figure 5.2: EMS-based FPS training system. The EMS device connects to a rst-person
shooter game, where the system determines the optimal shooting moment and triggers
muscle stimulation to assist the user's mouse click.

In the game, when the player tries to shoot a moving target, the system will auto-
matically start at the best time to shoot and use it to drive the player's hand to click the
mouse to hit the target. Our aim is to train the shot timing using this set of FPS game
control systems based on the EMS drive. When an EMS is used to train players for FPS
games, the players do not need complex con gurations, specialized gaming devices, or

professional training software, allowing for relatively low-cost, e cient training.

Con guration of EMS

Our EMS system (Fig. 5.3) is a set of a switch control, power supply, and electrodes. By
wearing this EMS device, participants can use the EMS to drive their ngers to shoot
in the game.

Switch: We used ESP32 [87] and PETTOYA 554 relays [124] (Fig. 5.3(a)) as con-

trollers to control the switching of EMS devices through programs written in Arduino,
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which allows us to activate and output the electric current required to control nger
movements as needed. When the switch is turned on, the EMS device outputs a 50 s
pulse to stimulate the hand muscles to trigger a mouse click, after which it turns o
automatically.

Power supply: Here, we chose the macros' MEF-38 [125] (Fig. 5.3(b)) as a power
supply for the EMS device. The MEF-38 is an electrical stimulation massager for muscle
exercise that provides stable stimulation output according to the manufacturer's speci -
cations. Because our system requires only electrical stimulation capable of driving nger
movements, we used this existing massage device to minimize the burden of the EMS
on the muscles and to ensure the safety of the participants.

Electrodes: We use the approach from [34]. electrodes are placed on the nger deep
exors of the participant's arm, which allows the device to actuate only nger clicks on
the mouse without interfering with the normal activity of other hand muscles when the

EMS device is activated (Fig. 5.3(c)).

Figure 5.3: EMS device: (a) ESP32 and PETTOYA 554. (b) MEF-38 for power supply.
(c) Electrode con guration.

FPS game

To connect EMS devices to an FPS game and provide a mode for shooting training, we
created an FPS game (see Appendix A.1) using Python and the Ursina Engine (Fig. 5.4).
The Ursina engine [126] is open-source and provides many templates for creating 3D
games, which allows us to make simple FPS games and con gure our shooting training
mode using Python. We connected the game with the EMS device (Fig. 5.4(c)).

In the game, participants used a standard mouse to control the crosshair and aim at

moving targets. The task was implemented in Ursina using a rst-person view and was
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Figure 5.4: FPS game made with Ursina engine. (a) The game is played in rst-person
view, and the player needs to control the mouse to point the aimer at the target and
then shoot. (b) A top-angle view of the game's scene. The target's movement is covered
partly by walls. This helps to simulate the scene in a real game. (c) Connecting the
game to the EMS device.

displayed at a resolution of 1920 1080 pixels with a refresh rate of 60 Hz. Targets were
rendered as cube objects with a xed on-screen hitbox (BoxCollider) and a uniform scale
of 1.39 (world units). A hit was registered only when the target was under the cursor at

the moment of clicking, corresponding to an instantaneous ray-based selection via the
engine's hovered state, and the target was removed immediately upon a valid hit.

To constrain visual exposure and simulate timing-critical shots in FPS games, two
vertical wall objects were placed in front of the player to form a narrow visible region,
such that targets were only observable within the opening while moving along a xed
straight-line path. Each target spawned at z = 2 (world units) with its initial x position
uniformly sampled from [ 20; 8] and then moved along the positive x-axis by 30 world
units using a constant-speed animation with a duration randomly sampled from 3.5 to
4.0 s, yielding a nominal speed of approximately 7.5{8.6 world units/s. The player's
initial position was xed at (x;z) = (4; 30). The number of concurrently presented
targets was xed to ve in the current con guration.

The system de ned the ideal ring timing as the moment when the crosshair inter-
sected the target within the visible opening. In the EMS condition, the system triggered
the EMS device by sending a serial command (\1") when the cursor rst entered a target
(on-mouse-enter event), which physically induced an index- nger click to re and hit the
target (Fig. 5.5). Participants were seated at a xed viewing distance from the display,

which was kept constant across all experimental conditions.
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Figure 5.5: When the system detects that the aim is at the best time to shoot, the EMS
device will be activated and drive the player's nger to click the mouse.

IRB Process

This study was reviewed and approved by the local ethics committee of Kyoto Sangyo
University (Approval No.: KSU Ethics 0168-1; Study title: \Game Control Systems Us-
ing Electrical Muscle Stimulation"). All experiments were conducted with the informed
consent of the participants, who were fully informed of the study's purpose, procedures,

and potential risks prior to participation.

5.2.4 Experiment 1: Reaction Test

We used an EMS system to replace the typical FPS game control. Because we use
the EMS devices for FPS game control; the reaction speed could not be lower than
the player's reaction speed in the original general control. Therefore, we needed to
test the reaction speed before and after using the EMS device and con rm that the

system does not have a negative e ect on the player's reaction speed and control of the
game (Fig. 5.6). As described in the subsection FPS Game (Section 5.2.3), the Ursina

engine [126] was used to simulate the test environment.

Experimental Approach

Considering that our test should simulate an FPS game situation as accurately as possi-
ble, we used a visual stimulus for the test. In the test, we set up an enemy (the target).
When the participants noticed that the target appeared, they would click the mouse

as quickly as possible. Our program automatically recorded the time when the target

appeared and the time when the participant pressed the mouse, and then calculated the
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reaction time.

When the EMS device is used for testing, the device automatically starts when the
target appears, which signals to the participant to click on the mouse. The participants
did not need to actively click on the mouse when using the EMS device. At the end
of each test, the program automatically calculated the reaction time from the time the
target appeared to the time the EMS drove the nger to click on the mouse.

To test the e ect of using EMS to control the game on participants' reaction times, we
rst tested their reaction times with normal control without the EMS device (Fig. 5.6(a)).
We then allowed the participants to wear the EMS device for the test and recorded their

reaction times when driven by the EMS device (Fig. 5.6(b)).

Figure 5.6: Reaction test. (a) In general (without EMS), participants need to pay
attention, judge, and act from the moment they see the target appeared until they click
the mouse. (b) When testing with EMS devices, the participant's attention, thinking,

and driving processes are replaced by the EMS system.

Device Con guration

As described in the subsection Con guration of EMS (Section 5.2.3), our EMS setup
followed the con guration used in previous studies [119, 34]. Because participants were
required to rapidly actuate nger movements via EMS to trigger mouse clicks, the stim-
ulation needed to produce clean and crisp nger responses while avoiding unintended
muscle activation that could interfere with mouse control. Accordingly, the stimula-
tion intensity was adjusted based on prior work and individual comfort levels, and the

pulse width was set to 50 s. The electrodes were applied to the participant's wrist and
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secured with a wristband to prevent displacement during movement. With the appro-
priate con guration, the participant's nger reliably clicked the mouse once upon EMS

activation without interfering with normal mouse operation.

Participants

Ten participants (age: 18{29 years, 9 males and 1 female) performed the response test
in this experiment, and each was tested using the approach described in the subsection
Experimental Approach (Section 5.2.4). Each participant rst performed 10 reaction

tests without the EMS device and then another 10 reaction tests with the EMS device.

Results

We tested the reaction speed of 10 participants in an FPS game with and without the
EMS device. We recorded the reaction times of the 10 participants for each test and
calculated the average reaction times of the participants after 10 tests with and without
EMS devices. Subsequently, we compared the average reaction time of the participants
before and after using the EMS device: the shorter the reaction time, the faster the
reaction speed (Fig. 5.7). According to the results, all 10 participants showed some

improvement in their reaction speed when using the EMS device.

Figure 5.7: Reaction test results. (a) There was an increase in each participant's reaction
speed with the use of the EMS device compared to the reaction speed without the use
of the EMS device. (b) The average reaction time of the participants without the EMS
device was 0.1855 s, and the average reaction time with the EMS device was reduced to
0.0817 s.

The mann-whitney u test was used to examine the two sets of data without and with

the EMS device. The signi cance level was set at 1% (a two-tailed test). According to the
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