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Abstract

Advancements in wearable computing have led to the introduction of haptic user inter-
faces, providing touch feedback through electronic devices such as smartwatches and
head-mounted displays. These interfaces have versatile applications, facilitating remote
communication, entertainment, and internet browsing. However, existing interfaces often
trigger a single haptic sensation on human skin using rigid actuators, neglecting the
potential of utilizing di Lerknt types of tactile sensations. This thesis proposes that by
designing haptic interfaces targeting both discriminative and a [edtive touch perceptions,
wearable and mixed-reality haptic interfaces can be signi [cantly improved. The main
contributions include:

Three-Dimensional-Printable Soft On-Skin Actuators for Wearable Computing:
The thesis introduces FLECTILE, a 3D-printable, skin-attachable electromagnetic actuator.
This actuator employs soft, stretchable, and biocompatible materials, providing wearability
on various body locations and enabling directed interactions in diverse wearable computing
scenarios.

Design of an On-Skin Interface Component with Multiple Tactile Stimuli: In
this thesis, DragTapVib, a haptic actuator capable of producing three tactile sensations
based on discriminative touch and a[edtive touch - vibration, dragging, and tapping is
described. The actuator allows for precise and expressive interactions on di Lerent body
locations, enhancing the haptic experience in applications like on-skin noti [cdtions and
gaming.

Investigate A Cective Touch and Discriminative Touch as a New Pathway in
Passive Haptic Learning: Previous studies in passive haptic learning (PHL) have yielded
remarkably robust results and revealed great potentials with this technology. However, it is
worth noting that previous studies have consistently utilized vibration as the primary signal
for passive haptic learning. This thesis [rst proposes three wearable systems leveraging
discriminative touch and a [edtive touch - vibration, stroking, and tapping, respectively.
Then, this thesis explores the potential of a [edtive touch (stroking and tapping) in passive
haptic learning, which has previously focused mainly on discriminative touch (vibration).
The [ndings suggest that a [edtive touch can be equally e [cieht and may o [erladditional
bene [slin the learning process.

Enhance User Experience through the Integration of Wearable Haptic Inter-
faces with Other Interaction Technologies: This thesis investigates the integration of
wearable haptic interfaces with other interaction technologies, such as visual and audi-
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tory feedback and mixed reality technologies, to enhance the overall user experience. By
exploring these combinations, the thesis contributes to the advancement of haptic user
interfaces and o Lerk potential ways to enrich human interactions with technology through
a diverse range of haptic sensations.

In conclusion, this thesis represents a signi Lcant step forward in the design and im-
plementation of haptic user interfaces, envisioning a future where wearable computing
systems o Lerlmultiple on-skin interactions and augment human physical, cognitive, and
perceptual capabilities. By targeting both discriminative and a [edtive touch perceptions,
these haptic interfaces have the potential to revolutionize human-computer interaction
and enhance how we interact with the real environment leveraging haptic technology in
various application domains.



Zusammenfassung

Der Fortschritt im sogenannten tragbaren Komputersystem (wearable computing) fuhrt zur
Einfuhrung der haptischen Benutzerschnittstellen, die (iber elektronische Geréte, beispiel-
sweise Smartwatches, und am Kopf befestigte Displays eine haptische Riickmeldung an
Benutzer geben. Diese Schnittstellen sind vielseitig einsetzbar und erleichtern die Kom-
munikation, Unterhaltung und das Surfen im Internet. Die aktuellen Schnittstellen, die oft
durch einen steifen Aktuator erzeugt werden, kdnnen nur eine einzige haptische Ruck-
meldung an der Haut vom Benutzer geben. In diesem Fall wird es ignoriert, verschiedene
Typen von der haptischen Riickmeldung zu generieren. Diese Dissertation stellt darauf
hin, dass das tragbare Komputersystem und die mix-realisierte Benutzerschnittstelle durch
Design der zwei Schnittstellen signi [kdnt verbessert werden, die besonders fir diskri-
minierende und a [eKtive Haptik entwickelt werden. Hauptséachliche Beitrdge umfassen
folgende Aspekte:

Dreidimensionale, druckbare, weiche Aktuatoren im tragbaren Komputersys-
tem: Diese Dissertation fuhrt einen druckbaren elektromagnetischen Aktuator FLECTILE
ein, der einfach durch 3D Drucker bei der Nutzung von einem weichen, dehnbaren, und
biokompatibelen Material gedruckt werden kann. Deswegen konnte dieser gedruckte Ak-
tuator auf vielen Képerstellen eingesetzt werden, um die Interaktion mit einer bestimmten
Richtung in verschiedenen Szenarios, in denen das tragbare Komputersystem benutzt wird,
zu ermoglichen.

Design von der an der Haut eingesetzten Schnittstellenkomponente mit mul-
tihaptischen Stimuli: Ein haptischer Aktutor, DragTapVib, wird hier vorgestellt. Drei
haptische Ruckmeldungen kénnen durch DragTapVib, basierend auf diskriminierender und
a [eKtiver Haptik (Vibration, Ziehen und Klopfen), generiert werden. Dieser Aktuator kann
nach den Bedurfnissen der verschiedenen Koeperstellen eingesetzt werden, sodass das
haptische Erlebnis verbessert wird, wie zum Beispiel die Benachrichtigung beim Spielen
einer Computerspiele.

Neuer Weg fur das passive haptische Lernen (PHL): diskriminierende und
a [ekitive Haptik: Vorherige Erforschungen im PHL-Bereich waren erfolgreich und
weisten das riesige Potential des passiven haptischen Lernens auf. Bemerkenswert ist, dass
vorher nur Vibration als Hauptsignal von PHL galt. Aus diesem Grund werden in dieser
Dissertation drei tragbare Komputersysteme (Vibration, Streicheln und Klopfen) auf der
Basis von diskriminierender und a [eKtiver Haptik erzeugt und weiter tber ihr Potential
diskutiert. Da konzentrierten die vorherigen Erforschungen sich nur auf diskriminierende
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Haptik (Vibration). Schliesslich, die Forschungsergebnisse zeigen, dass a [eltive Haptik
genau wie diskriminierende Haptik e [eHtiv ist und Extra-Vorteile beim Lernprozess im
Vergleich zu der diskriminierenden Haptik besitzt.

Verstarken des Benutzererlebnisses durch Integration der tragbaren haptischen
Schnittstellen und anderer interaktiver Techniken: In dieser Dissertation wird tber
die Integration von tragbaren haptischen Schnittstellen und andere interaktive Techniken
diskutiert, wie zum Beispiel, die Integration von visueller und akustischer Riickmeldung
mit der mix-realisierten Technik, um das bessere Erlebnis an den Benutzer zu bringen.
Die Erforschung solcher Kombinationen beschleunigt die Entwicklung der haptischen
Benutzerschnittstelle und mehr potentielle Integrationsmethoden sind dabei angeboten.

Zum Schluss wird betont, dass das Design und die Implementierung der haptischen
Benutzerschnittstellen in dieser Dissertation einen wichtigen Fortschritt machen. In der
Zukunft, die tragbaren Komputersysteme bieten mehr andere Interaktionen an, um die
korperlichen, kognitiven und perzeptiven Féhigkeiten zu verstarken. Durch die gezielte
diskriminierende und a [eKtive Haptik haben diese haptischen Schnittstellen das Potenzial,
die Mensch-Computer-Interaktion zu revolutionieren und haptische Technologien zu
nutzen, um die Art und Weise, wie wir mit der realen Welt interagieren, in verschiedenen
Bereichen zu verstarken.

Vi
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1 Introduction

"Touch is communication on the most basic level. The need for touch is a necessity throughout
our lives, from birth to death, which serves to sustain us emotionally and physically."

Phyllis Davis, The Power of Touch [24]

From the dawn of humanity, the skin has been our conduit to the world a vessel that
carries the nuances of touch, warmth, and connection. In the era of digital landscapes and
immersive experiences, the quest to translate the richness of tactile interactions into the
domain of technology has captivated the imagination of researchers and innovators. Haptic
user interfaces emerged as the bridges, the transducers, that have the power to make these
intangible digital realms palpable, tangible, and intimately felt. The human skin, the largest
body organ, plays a crucial role in perceiving di erent tactile stimuli (e.g. tapping [59,
94], stroking [41], dragging [36], stretch and squeeze [62] etc.) for our daily interactions
with the environment. With the advancements in technology (e.g. the size and cost of
the micro-controllers and hardware being smaller and cheaper), haptic user interfaces
have been gradually introduced to enhance our sensory experiences, providing touch
feedback through electronic devices. Meanwhile, this provides enormous opportunities to
investigate how to design and develop haptic actuators and haptic interfaces to thoroughly
utilize the various human senses of touch. However, the current haptic interfaces are
limited in their ability to trigger only one on-skin sensation with a single device, using
rigid structures, and often do not fully meet the user's usage scenarios and needs.

To this extent, this thesis presents a hypothesis that by designing haptic user interfaces
using actuators that speci cally target discriminative and a ective touch perceptions,
we can signi cantly improve wearable and mixed-reality haptic interfaces. This thesis
embarked on an innovative exploration at the intersection of technology and tactile
experiences. With the human skin serving as both a canvas and a gateway, this thesis
seeks to: (1). design and investigate haptic actuators that generate a variety of stimuli on
the human skin without requiring complex fabrication steps; (2). synthesize the haptic
actuators into haptic interfaces and apply this in state-of-art passive haptic learning works;
(3). enhance sensory experiences through the use of haptic user interfaces and other
interaction technology.
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1.1 Motivation and Aims

The desire to enhance human interaction with technology by harnessing the potential of
haptic sensations is deep-rooted. In the increasingly digital world, the tactile dimension
of human experiences often takes a backseat, limiting the richness and intuitiveness of
human-machine interactions. The skin, our body's largest sensory organ, often goes
unnoticed in our daily lives despite its vital role, which opens up exciting possibilities.
By designing the on-skin haptic actuators more accessible and user-friendly, we aim
to democratize their usage and promote their integration into various applications. In
addition, we aim to expand beyond the conventional reliance on discriminative touch as
the predominant human sensory sensation. Our focus lies in the design and advancement
of haptic interfaces that incorporate both discriminative touch and a ective touch. This
approach seeks to enhance haptic experiences, rendering them more organic, immersive,
and emotionally engaging [66]. Furthermore, the exploration of how haptic interfaces can
harmoniously combine with other interaction technologies, such as visual and auditory
feedback, provides users with holistic and captivating experiences. We strive to create
a seamless fusion of sensory modalities that enhances overall user satisfaction. This
thesis seeks to push the boundaries of haptic user interfaces, envisioning a future where
technology not only engages human single sensation but does so in a more diverse and
enriching manner.

1.2 Contribution

The main contributions of this thesis are as follows:

" Three-Dimensional-Printable Soft On-Skin Actuators for Wearable Comput-
ing

Based on a design space for 3D-printed interactive devices, the rst contribution is
FLECTILE, a wearable 3D-printable, skin-attachable electromagnetic actuator. The
main innovation of the actuator is the design of the 3D-printable soft electromagnetic
inductor with 3D-planer helical coils made from soft, stretchable, and biocompatible
materials. The actuator is fully elastomer-based and cheap. Moreover, the actuators
could be manufactured in batch-size one rapidly using standard DIY equipment with
the open-sourced instruction we provided. To ensure high wearability on various
body locations, FLECTILE has a small and soft form factor that exhibits the potential
to facilitate directed interaction and can be applied to a diverse array of wearable
computing scenarios.

" Design of an On-Skin Interface Component with Multiple Tactile Stimuli



1.2 Contribution

We contribute DragTapVib: a haptic actuator that could robustly produce three
sensations relevant to the discriminative (vibration) and a ective touch (dragging
and tapping) respectively. This actuator is also based on the electromagnetic force,
extending the electromagnetic actuator approach. We present the design, fabrication,
and actuation mechanisms of our device, and provide open-sourced materials to the
community of wearable computing. We identify the characteristics of stimuli, the
participants' preferred locations, and detail on the user's perception and discrimina-
tion performances of three di erent stimuli. Based on the ndings of quantitative
user studies, we demonstrate this interaction technique in two application examples:
on skin noti cation with the fusion of multiple information streams and enhance the
gaming experience. DragTapVib allows for precise and expressive interactions on
di erent body locations to produce a more natural and immersive haptic experience.

Investigate A ective Touch and Discriminative Touch as a New Pathway in
Passive Haptic Learning

Passive haptic learning (PHL) is one approach to lower the barriers and costs to
maintain a new skill. In this method, a user is able to acquire skills by receiving
tactile stimulation without perceived attention. However, all previous research put
much e ort into using discriminative input, particularly vibration, as the tactile
simulation. The utilization of a ective touch such as stroking and tapping. remains
largely unexplored within the eld of PHL. Thus, our primary goal is to investigate
the di erent performances when people use stroking, tapping, and vibration as
learning stimuli in passive haptic learning respectively by conducting a series of user
studies. To induce a ective touch, we rst engineer two wearable interfaces that
render a soft stroking sensation and tapping on the user's ngers respectively. Then,
we replicated the wearable interface that delivers vibration to the user's ngers
based on prior research. The study indicated that the a ective touches (stroking
and tapping) could work as e ciently as the commonly used discriminative touch
(vibration), and the a ective stimuli may teach more notes to the participants. The
results also give insights that the a ective touch could o er a multitude of potentials
to extend the perception of human reality and enable the users to bene t with the
assistance of haptic devices.

Enhance User Experience through the Integration of Wearable Haptic Inter-
faces with Other Interaction Technologies

We investigate the e ective integration of haptic interfaces with other interaction
technologies, including visual (auditory) feedback and mixed reality technologies,
to enhance the overall user experience. By exploring these combinations, we seek
to contribute to the advancement of haptic user interfaces, o ering the potential
to enrich human interactions with technology through a diverse range of haptic
sensations.
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1.3 Publications

The following list gives an overview of the papers previously published at conferences in
the eld of human-computer interaction. Substantial portions of this dissertation were
derived from the pertinent papers listed below and organized into a cohesive monograph
structure.

" P1:Likun Fang, Tobias Rdddiger, Hongye Sun, Norbert Willenbacher, Michael
Beigl. FLECTILE: 3D-printable soft actuators for wearable complrtiRgoceedings

of the 2020 ACM International Symposium on Wearable Comput&GN! ISWC'2]
Best paper award

P2:Likun Fang , Timo Mdiller, Erik Pescara, Yiran Huang, Nikola Fischer, Michael
Beigl. Investigating Passive Haptic Learning of Piano Songs Using Three Tactile Sensa-
tions of Vibration, Stroking and Tapping Proceedings of the ACM on Interactive,
Mobile, Wearable and Ubiquitous Technologies, Vol. 7, NoIMWUT).

P3:Likun Fang, Ting Zhu, Erik Pescara, Yiran Huang, Yexu Zhou, Michael Beig|.
DragTapVib: An On-Skin Electromagnetic Drag, Tap, and Vibration Actuator for
Wearable Computingln Proceedings of the Augmented Humans International
Conference ACM AHs'22.

P4:Likun Fang , Dominik Flohs, Erik Pescara, Ting Zhu, Michael Belglestigation

of On-Skin Electromagnetic Actuator for Signaling Direction via Tactile Ques
Proceedings of the International Conference on PErvasive Technologies Related to
Assistive EnvironmentsACM PETRA' 22

P5:Likun Fang , Reimann Malte, Erik Pescara, Michael Beiglestigate the Pi-
ano Learning Rate with Haptic Actuators in Mixed RealityProceedings of the
Augmented Humans International Conferenc&GM AHSs'22.

P6:Likun Fang , Erik Pescara, Patrick Karl Reiter, Michael Belgbw Could | Learn
Rhythm Better? Investigating Three Learning Signals for Passive Haptic Learning in
Di erent Contexts In Proceedings of the International Conference on PErvasive
Technologies Related to Assistive Environmem&M PETRA' 23

1.4 Structure of This Thesis

This thesis is structured as follows (see Figure 1.1):

~ Chapter 2 discusses the fundamental background of human skin. It starts with the
anatomy of the skin, the somatosensory system, and the sense of touch. Then, it
presents a comprehensive overview of the human factors that must be considered
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during the design process of a wearable device. Afterward, it details the state-of-the-
art haptic wearable devices, and actuation mechanisms leveraged in haptic interfaces
to generate sensations.

Chapter 3 proposes FLECTILE, a novel class of skin-worn electromagnetic actuator
that could be placed on the various locations of the human body. Itis a exible, soft,

and lightweight actuator, made of biocompatible material. A conducted user study
revealed that the vibrations produced by the actuator were distinctly perceptible

to the 6 participants across various conditions, including observing, hovering, and
resting states.

Chapter 4 contributes DragTapVib, an extended on-skin electromagnetic actuator
to deliver discriminative and a ective touch to the users. It has a minimal physical
footprint to t deformable, and small body locations. It exhibits the capability to
deliver consistent output in terms of dragging, tapping, and vibration. This chapter
concludes with a user study involving 12 participants. The ndings indicate that
all participants demonstrated a clear ability to perceive and distinguish among the
three distinct sensations at both of the speci ed body locations.

Chapter 5 rstintroduces three wearable haptic interfaces that leverage a ective
and discriminative touch for passive haptic learning (PHL). A signi cant limitation
of prior research in passive tactile learning is addressed in this chapter, wherein
all previous studies have exclusively utilized vibrotactile stimuli. The e cacy of
Passive Haptic Learning (PHL) is systematically evaluated through the application
of novel actuators, presenting alternative methods to traditional vibration, namely
tapping and stroking. By contrasting the discriminative haptics of previous work
with the new model of emotional haptics, this work provides a more comfortable,
pleasurable experience for PHL and creates potential for PHL in multiple senses.
The ndings underscore the comparable e ectiveness of tapping and stroking in
comparison to vibration, without introducing additional disruption.

Chapter 6 demonstrates the application scenarios about how haptic technology
could be integrated with other interaction technologies. We rst investigate how
di erent learning signals haptic, auditory, and the combined synergy of haptic and
auditory cues impact participants' performance in mastering the rhythm of piano
note sequences through passive haptic learning (PHL). A total of 24 participants
were invited, and distributed across three equitably sized groups. These participants
underwent an instructional session wherein they were taught a straightforward
rhythm using a combination of haptic, auditory, and haptic-auditory signals. After
this learning phase, the subjects were evaluated on their ability to accurately re-
produce the acquired rhythms, employing both a keyboard and a ukulele. Then we
explore the potentialities of both mixed reality (MR) and haptic learning, resulting
in the creation of a novel piano learning application. Through a comprehensive
investigation involving 16 participants evenly distributed into two groups receiving
haptic cues and virtual cues respectively, the e cacy and utility of the developed
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piano application were rigorously evaluated. The resultant study outcomes cast a
positive light on the potency of the integrated on-skin actuators, with the anticipa-
tion that this work might catalyze subsequent iterations of these actuators, thereby
developing a realm of engaging and e cacious learning environments.

" Chapter 7 summarises and concludes this thesis's main ndings, and gives out an
outlook on possible future work directions.
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Figure 1.1: Thesis structure. 9






2 Background and Related Work

This chapter provides a comprehensive review of the literature background and introduces
the key concepts that are fundamental to this thesis. First, we describe human skin's
basic structure and properties concentrated on the perception of touch, including the
receptors, nerve bers, mechanoreceptive a erent, etc. Also, we present an introduction
about a ective and discriminative touch and the di erences between these two types of
touch and potential application scenarios, respectively. Then, we discuss human factor
principles that should be taken into account when designing wearables for the human body
[47]. Last, we detail on the existing actuation mechanisms employed in haptic interfaces
to generate tactile sensations.

2.1 Background on Human Skin

2.1.1 Anatomy of the Skin

The human skin serves as the outer protective covering of the body. It is the largest
organ in adult humans, boasting an average surface area of approximately 2 square meters.
The thickness of the skin lies at 2.5 mm with a total mass of around 5-6 kg [66]. The
skin has three main functions: (1). it plays a signi cant role in protecting the body
against pathogens as the rst line of defense from external factors; (2). it regulates various
physiological aspects, including temperature, uid balance, and Vitamins; (3). it interacts
with the environment, providing the various sensations with separate receptors (i.e. touch,
temperature, and pain) [103]. Human skin can be categorized into two distinct types: hairy
and glabrous (hairless) (see Figure 2.1), each of which exhibits di erential sensitivity to
tactile stimuli since di erent types of receptors have di erent densities of innervation.

In general, the perception of touch starts at the receptors that are attached to the nerve
endings within the skin, which re upon being triggered. These react to outside stimuli
and then relay information about somatic sensations. Somatic sensations are sensations
that are related to the physical body or the wall of the body. These are typically classi ed
as tactile, thermal, painful, or pruritic (itch) [44]. Later processing then allows for temporal
and spatial discrimination of this information. The human skin comprises three primary
layers, namely the epidermis, dermis, and hypodermis (Figure 2.1).

11
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Epidermis layer: The epidermis layer is the top layer of the skin, which could be
touched and seen directly. The epidermis layer serves as the boundary between
the body and the outer environment, ghting o germs and bacteria to protect the
immune system, regulating water balance, and renewing the skin's cells [110]. The
epidermis layer also contains melanin, which gives skin, hair, and eye its color. This
substance also absorbs harmful UV (ultraviolet) rays and protects cells from sun
damage.

Dermis layer: The dermis layer is the middle layer of the skin, which is held
together by a protein called collagen to give skin elasticity and strength [66, 148].
The dermis is a complex combination of blood vessels, hair follicles, and sebaceous
(oil) glands, which respectively function to provide blood supply, provide space
for hair follicles to grow, produce oil to smooth the skin, and sweat to regulate
body temperature. Additionally, it includes pain and touch receptors that enable
expressive tactile perception.

Hypodermis layer: The hypodermis or subcutaneous layer is the deepest layer of
skin. The majority of human body fat is stored here. It insulates the human body
against changing temperatures and protects the muscles and internal organs from
impacts and falls.

Figure 2.1: Structure of the skin. (Source: [102], under public domain)
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2.1.2 Discriminative Touch and A ective Touch

Touch can be divided into two main formsljscriminative touckanda ective touch[109].

Discriminative touch , commonly known as ne touch, plays a crucial role in perceiv-
ing, recognizing, and interacting with objects based on their texture, shape, and exibility.
Human hands, speci cally the glabrous (hairless) skin on the ngertips and palms, excel
in discriminative touch due to the abundant presence of specialized mechanoreceptors.
These highly dense receptors are responsible for processing tactile stimuli, contributing to
heightened tactile sensitivity and dexterity. The skin contains four main mechanoreceptors
that a ord discriminative touch:Merkel cells, Meissner corpuscles, Pacini corpuscles, and
Ru ni corpuscle$d5]. The mechanoreceptors in human skin are responsible for interpret-
ing tactile, temperature, and pain stimuli [86]. The four mechanoreceptors are illustrated
in Figure 2.2.

" Merkel cells are closely associated with slowly adapting (SA1) somatosensory nerve
bers. They respond to low-frequency vibrations ranging from 5 to 15 Hz. They
are speci cally attuned to deep, static touch sensations, enabling the perception of
shapes, edges, and other tactile features.

Meissner corpuscles maintain the gentle stimuli and react to moderate vibration
(10-50 Hz) and light touch, primarily located in the ngertips and lips [87]. They are
rapidly adaptive receptors (RA1).

Pacinian corpuscles, classi ed as rapidly adapting receptors (RA2), are responsible
for detecting signi cant pressure changes and vibrations in the skin. They react
to quick action potentials like vibrations from 40 to over 500 Hz, which are most
sensitive but only responsible for sudden stimuli.

Ru ni corpuscles are slowly adapting recptors (SA2). They exhibit sensitivity
to skin stretch and contribute signi cantly to the kinesthetic sense and the precise
control of nger position and movement [116].

A ective touch is typically referred to as slowly moving, low-force mechanical stimu-
lation [98, 135], which has a strong emotional component [66]. A ective touch serves a
crucial role in fostering social bonding by promoting a liative, collaborative, and sexual
behaviors [155]. A ective touch has been empirically demonstrated to e ectively convey
positive emotions [8, 61, 85], alleviate feelings of isolation [164], and enhance pain toler-
ance [115]. The C-Tactile (CT) a erents, located in the non-glossy skin of the body, are
unmyelinated low-threshold mechanosensory nerves, which are identi ed as the primary
pathway for a ective touch [109, 122]. The CT a erents exhibit optimal responsiveness to
gentle and light stroking sensations applied with a force range from 0.3-2.5 mN and with
high-frequency responses [2, 21, 161]. Compared with the myelinated bers (20 80 m/s),
the conduction velocities in CT reduce much less ranging from 1-10 cm per second with a
mean activation peak at around 3 cm/s [25, 98, 108]. CTs are also temperature tuned [3].

13
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Figure 2.2: A cross-section of the four mechanoreceptors for discriminative touch [25].

Among mechanoreceptive a erents, CT bers are unique since they preferential response
to slowly moving stimuli, speci cally at a neutral temperature corresponding to typical
skin conditions. Unlike other a erents, CT bers do not exhibit a preference for cooler or
warmer stimulus temperatures. The Cyberball task [164] reported that the participants
who feel social exclusion are lessened by the presence of CT-optimal touch (touch that
maximally activates CT a erents). Activation of C-Tactile (CT) a erents has consistently
demonstrated the ability to elicit pleasurable and positively valenced a ective responses
[89]. An increasing number of scholarly works have shed light on the signi cance of

a ective touch and started exploring this eld [109].

2.2 Consideration for Wearable Devices Design

Wearable devices refer to devices or gadgets that can be worn on the body or incorporated
into clothing or accessories (see Figure 2.3). The domain of wearable technology encom-
passes a vast range of devices that are either worn on the body or closely interact with it.
This eld encompasses a diverse spectrum, spanning from smart glasses and instrumented
headphones to smart garments, jewelry, implants, and the ubiquitous smartphones and
smartwatches that are prevalent today. Miniaturization of components has enabled wear-
able and nearly invisible systems, which gives individuals the freedom to interact with
their environment in a more exible and user-customizable way, giving great potential
and promise for wearable and ubiquitous computing [104].

14
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Figure 2.3Example of wearable devices from Culbertson, Schorr, and Okamura[22]. Users
should freely and unhindered interact with the environment with the wearable
devices.

Wearable devices are designed to be lightweight, portable, and comfortable, allowing
users to carry them or wear them directly on their bodies for extended periods. In the
design process of wearable technology, an initial and crucial question that researchers
must address is the optimal placement of the device on the human body. Gemperle et
al. [47] proposed original guidelines in a predictable order from the simple to the more
complex more than 20 years ago, namdBlacements, Form Languages, Human Movement,
Proxemics, Sizing, Attachment, Containment, Weights, Accessibility, Sensory Interaction,
Thermal, Aesthetics, and Long-tern.\&&h the advancement of wearable computing,
understanding how humans perceive and interact with wearable devices has also grown.
Zeagler [176] updated and added information in 2017 with respect to proxemics, weight,
accessibility, thermal tolerances, human movement, sensory interaction, and location. For
the scope of this thesis, we focus on the following aspects:

~ Placement: The placement directly impacts user comfort and ergonomics. Wearable
devices should be positioned in an unobtrusive manner that minimizes discomfort,
irritation, or restriction of movement. The ideal placement is in a large and less
exible area. For versatility, it is also necessary to have relatively identical sizes
across the adults [47]. Zeagler [176] reported a body map for the placements based
on the work of [47] (see Figure 2.4).

Sizing and Weight : The physical characteristics of wearable devices require careful
attention. Sizing and weight can signi cantly in uence user comfort and usability.
The devices should be ergonomically designed to ensure that it ts well with the
user's body and allows for prolonged use without causing fatigue or discomfort. The
dimensions of di erent parts of the human body vary greatly. Gemperle et al. [47]
pointed out that two ways to t the various body sizes for individuals. The rstis the
use of static anthropometric data, which details point-to-point distances on di erent-
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Figure 2.4This body map shows the best places to place wearable devices on the body in

the least obtrusive way. [176].

sized bodies. The second is the consideration of human muscle and fat growth in
three dimensions [47]. It is important to place the weight on eshy, non-sensitive
parts of the body while avoiding boney areas. The lower waist area is suitable for
heavy loads, and weight should be balanced evenly across the body. Additionally,
the placement of batteries should be strategic, considering both functionality and
user comfort. See Figure 2.5 for an illustration of weight distribution.

Figure 2.5The body map illustrates the amount of weight, or pressure that can be placed
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on the area before the pressure becomes a discomfort [176].

Attachment: Wearable devices need to be securely attached to the user to ensure
stability and security. It is also signi cant that wearable devices should not cause
discomfort or hinder the user's mobility. The attachment method should distribute
the device's weight evenly and avoid pressure points or excessive tightness (such
as single-point fastening systems) [47]. Additionally, the materials used in the
attachment should be skin-friendly and breathable. The attachment mechanism
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should also allow for easy donning and do ng of the device, as well as quick
adjustments to accommodate di erent body sizes or preferences.

Tactile Feedback (passive touch): The stimulation of the skin generated from

the outside objects is described as a passive touch [49]. Numerous wearable devices
incorporate tangible or haptic feedback mechanisms to provide users with sensory
stimuli, often utilizing vibration motors and occasionally employing additional
methods, such as electrical stimulation [43, 170]. Understanding the varying levels
of sensitivity speci c to di erent areas of the body is of great signi cance. Two-Point
Discrimination Test [119] is a widely used technique for assessing tactile perception.
When multiple haptic stimuli are employed to generate a pattern, the ability of the
skin to distinguish between closely spaced stimuli and perceive them as separate
entities is also imperative [176].

Accessibility: The wearable devices should be intuitive, easy to use, and accessible
for individuals with diverse abilities and disabilities [176]. Massive research in the
areas of visual, tactile, auditory, or kinesthetic access to the human body provides
a great potential [47]. Incorporating appropriate input methods (e.g., touch, voice,
gesture) and minimizing the learning curve will enhance usability.

Aesthetics: Wearable devices are not only functional but also could be fashion
accessories. The design should consider aesthetics, style, and personal preferences
to enhance the user's willingness to wear and showcase the device. Collaboration
with fashion designers or incorporating modular components can provide options

for personalization and style variations.

Social Acceptability: Social acceptability is vital when designing wearable devices.
It in uences adoption rates, user comfort and con dence, perception and reputation,
etc.. Remland, Jones, and Brinkman [133] reported that people across di erent
cultures, ages, and gender had interconnected in uences on touch behaviors and
perceptions. The aspects of cultural, social, and ethical need to be taken into account
to ensure that wearable devices do not infringe on personal privacy, and social
boundaries, or evoke negative connotations.

2.3 Tactile Interface

Chouvardas, Miliou, and Hatalis [18] describe the tactile interface as a human-computer
interface that utilizes exclusively tactile signals to present information. It allows users to
interact with digital content or virtual objects by simulating the sense of touch through
force, vibration, or motion to reproduce the feeling of the objects (e.g., shape, size, and
texture.). While vibrotactile stimulation is the most commonly employed method in haptic
interfaces, it is worth noting that skin stretching and deformation are also utilized in

a signi cant number of interfaces. This section presents a comprehensive overview of
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the state-of-art haptic interface. The discussion encompasses the functions of the haptic
interfaces, the existing mechanisms employed for generating haptic sensations, and the
diverse range of sensations that can be elicited through these interfaces.

2.3.1 Functions

The functions of haptic interfaces revolve around enriching digital interactions by in-

corporating the sense of touch, including delivering tactile feedback, providing sensory
information, enabling object manipulation, and facilitating communication, etc. The func-
tions of haptic interfaces most relevant to the work presented in this dissertation are
noti cation and haptic feedback. The focus primarily centers on these two functions,

drawing substantial inspiration and guidance from the relevant literature.

2.3.1.1 Noti cations

The noti cation function of haptic interfaces refers to the capability to deliver tactile
feedback or alerts to users. Haptic noti cations can be utilized to convey a wide range
of information, such as incoming messages, alarms, noti cations from applications, or
warnings in safety-critical systems. As already described, the skin o ers great potential
through the receptors. More complex information can be encoded [15, 70] when combining
various parameters together (such as frequency, amplitude, duration, etc.). By leveraging
tactile sensations, haptic interfaces can be e ectively and seamless integrated in the users'
daily routine and capture their attention, especially when visual or auditory cues are
Insu cient or impractical.

In addition to basic daily message noti cations, haptics can also be used in some special
scenarios when vision and hearing are occupied such as when in control of a vehicle.
Tactile information systems installed on the steering wheel have been extensively adopted
by automakers for the purpose of driver warnings. These systems are employed to alert
drivers regarding the avoidance of fatigued driving and to prompt them to make necessary
corrections when the vehicle deviates from the normal driving trajectory. Di Campli
San Vito et al. [26] presented two driving simulator studies investigating novel tactile
feedback on the steering wheel for navigation. Hwang and Ryu [75] proposed a tactile
display on the steering wheel to deliver directional information to the driver.

2.3.1.2 Haptic Feedback

Haptic feedback refers to the tactile or touch-based sensations provided to users through
haptic interfaces or devices. It is a form of communication that utilizes the sense of touch

to convey information or stimulate sensory experiences. Haptic feedback can take var-
ious forms, such as vibrations, forces, textures, or temperature changes, depending on
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the capabilities of the haptic interface. These sensations could be employed to enhance
the user's perception and interaction with virtual or remote environments, providing a
more immersive and realistic experience. The implementation and integration of haptic
feedback technology into remote surgery permit the operating surgeon on the console to
receive haptic information on the type of tissue being operated on [6]. In gaming scenarios,
haptic is commonly implemented through vibrating motors or actuators integrated into
controllers or gaming peripherals. Haptic feedback can be used to communicate impor-
tant information or alert the player in virtual reality, mixed reality, or console gaming
environments. For instance, it can indicate the direction of an incoming threat through
directional vibrations [19], or provide noti cations for health points or heat points [128],
weapon ammunition interaction [36], or the environment information [178].

2.3.2 Actuation Mechanisms

This section discusses the existing common actuation mechanisms used in haptic interfaces.
We also list the advantages and disadvantages of each actuation mechanism. In this thesis,
we develop electromagnetic actuation, vibration actuation, and non-vibration actuation,
which we will explore in further detail in subsequent chapters.

2.3.2.1 Vibration Motors

The two most common types of vibration actuators used in wearable devices are eccentric
rotating mass (ERM) motors and linear resonant actuator (LRA) motors. An ERM motor
has a small unbalanced mass attached to the DC motor axle, creating a displacement
force when rotating. An LRA motor contains a small internal mass attached to a spring,
which vibrates in a reciprocating linear motion. The oscillatory force generated by the
alternating displacement of the mass is perceived as vibration in both types of vibration
motors. Both types of actuators have the advantage of being small, lightweight, low energy
consumption, cheap and portable. They can therefore be exibly arranged and integrated
for designing haptic interface [19, 28, 127, 128, 141].

2.3.2.2 Shape Memory Alloy and Shape Memaory Polymer

Shape memory alloys (SMA, most commonly Nickel-Titanium alloy) exhibit the ability

to recover their predetermined shape when subjected to certain external stimuli, such as
temperature changes or mechanical forces. The unique properties of shape memory alloys,
including their high strength, excellent fatigue resistance, and large recoverable strain
make them valuable materials for aerospace, biomedical devices, and robotics applications.
However, they also come with certain drawbacks, particularly related to their cooling
time. One signi cant drawback is the relatively slow cooling rate of SMAs. As these alloys
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undergo a phase transformation during the cooling process, the time required for them to
return to their original shape can be longer compared to other materials. The slow cooling
time of SMAs can limit their applicability in certain dynamic or high-speed applications.

Shape-memory polymers (SMP) possess similar mechanisms as Shape memory alloys.
When subjected to external stimuli, such as temperature, electric eld, change, light, etc.,
they can return from their deformed shape to their original state. Due to the advantages
of lightweight, low energy consumption, small size, customizability, and biocompatibility
of shape memory materials, they continue to drive innovation and research in various

elds. Moreover, HCI research is exploring methods to build wearable devices leveraging
SMA to generate skin deformation [62, 111]. An increasing body of research has provided
insights into the potential applications of shape memory polymers in the eld of arti cial
muscles and tendons [17, 31, 91].

2.3.2.3 Pneumatic

Pneumatic actuators, also known as uidic actuators, encompass systems where pres-
surized air is utilized to drive air ow into and out of chambers mostly manufactured
from silicone or thin plastic Im. Pneumatic actuation has emerged as a widely adopted
approach for facilitating tangible and haptic interactions in human-computer interaction
(HCI) domains. The prior research in HCI has already explored the pneumatic actuators
for multi-sensation interaction [178, 180] and shape-changing interface [83, 157, 172].

Compared to traditional rigid actuators, pneumatic actuators are lightweight and exible.
The actuator's sti ness and compliance can be adjusted by adjusting the pressure inside the
chamber to suit di erent tasks or interaction requirements. The soft material of pneumatic
actuators also reduces the potential for hazards during the interaction. Moreover, soft
pneumatic actuators can be designed based on bioinspired structures and movements,
allowing for applications in assistive devices by providing more intuitive and e cient
interaction with the human body.

2.3.2.4 Non-Vibration Motors

Motors are another alternative for designing wearable devices. A servomotor is a rotary
actuator or linear actuator that allows for precise control of angular or linear position,
velocity, and acceleration. A stepper motor is an electromechanical device that converts
digital pulses into distinct mechanical rotations. A complete rotation of the stepper motor
is equally divided into steps, each of which corresponds to a xed angular displacement.
The motor can robustly provide high torque and high force output at a low cost. Thus,
the motor could be leveraged in designing various on-skin a ective sensations such as
stroking, rubbing, tapping, and twisting [12, 77, 80, 145]. Motors also exhibit certain
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drawbacks, including their rigid nature, noise during operation, which limit their use in
wearable computing devices.

2.3.2.5 Electromagnetic Actuators

Electromagnetic actuators (EM actuators) transform electrical and mechanical energy into
one another using the electromagnetic-mechanical principle [151]. A conductor generates
a magnetic eld around it once current ows. Previous research have demonstrated
the many applications of electromagnetic actuators by controlling induction-generated
electromagnetic elds or extrinsic magnetic substances [32, 36, 38, 55, 107, 125, 162, 171].
Duvernoy et al. [32] present a whole-hand tactile display composed of an array of twenty-
four actuators, on which users could rest their hands to get expressive haptic information.
Guo et al. [55] and Fang et al. [38] successively propose a soft and exible actuator based
on electromagnetic actuation. Yang et al. [171] develop a3pin-array tactile module for
mobile devices using elastic and electromagnetic force. Pece et al. [125] present MagTics,
a novel exible and wearable haptic interface based on magnetically actuated bidirectional
tactile pixels. Based on the concept of Magtics[125], Vechev et al. [162] propose a wearable
glove including a 15 electromagnetic actuator array to provide real textures in the VR
environment. Mazursky et al. [107] report the MagnetlO comprised of two parts: one
battery-powered voice-coil worn on the user's ngernail and interactive soft patches made

of magnet particles and silicone that can be attached to any surface.
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3 FLECTILE: 3D-Printable So Actuators

This chapter presentELECTILEan approach to producing three-dimensional-printable
soft actuators that can be used for a wide range of wearable computing scenarios with the
potential to direct interaction, for example, in clothes. The actuator is exible and bendable
and made of soft biocompatible materials at a low cost. The dimensidFL&CTILEould

be customized to tvarious body positions.

The human skin, being the largest organ, o ers a substantial interactive surface for
wearable computing. Extensive research has been conducted on tactile interfaces for
human-computer interaction, as demonstrated in prior studies (e.g., [23, 169]). Various
driving strategies have been developed, including pneumatic (e.g., [154]), optical (e.qg.,
[175]), and electromagnetic (e.g., [67]) approaches.

Due to its simplicity in controlling and achieving desired functions, electromagnetic
actuation has drawn signi cant attention in recent studies. A soft electromagnetic actua-
tor is an actuator type that employs electromagnetic principles to generate mechanical
motion or force. When an electric current passes through a conductor, it generates a
circular magnetic eld around the conductor. In contrast to traditional electromagnetic
actuators, which are often rigid and bulky, soft electromagnetic actuators are designed
using exible and deformable materials. This design enables them to conform to irreg-
ular shapes and interact with soft and delicate objects. The main characteristic of soft
electromagnetic actuators is their capability to integrate soft and exible materials with
electromagnetic components like coils and magnets. As a result of this combination, the
actuator can accomplish diverse types of motion, such as bending, twisting, or stretching,
while retaining a compliant and deformable structure. Soft electromagnetic actuators nd
numerous applications in domains such as robotics, haptic interfaces, medical devices,
and soft wearable technologies Li et al. [92] and Zhu et al. [181]. These actuators have
been proved to be particularly useful in scenarios requiring interactions with humans or
delicate objects due to their soft and compliant nature, which aids in preventing injuries
or damage.

The design and fabrication of soft electromagnetic actuators typically involve the in-
tegration of conductive materials, such as liquid metals or exible printed circuits, into
soft and elastomeric structures. Liquid metal alloy (LMA) has been widely used in various
applications in soft electromagnetic [27, 54, 55]. However, the utilization of both spraying
technology and injection methodology during fabrication in related research [27, 54, 55]
requires complex process steps, higher costs, and signi cant e ort. Yu et al. [174] proposed
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a comprehensive and exible on-skin electromagnetic actuator concept, in which a xed
coil moves a magnet freely in an up-and-down motion. Nevertheless, the coil materials
commonly used are copper traces encapsulated in polyamide, which incurs signi cant
manufacturing overhead.

Recent developments in material science have introduced conductive, highly exible
materials based on TPU or PDMS, incorporating silver particles throughpallary e ect
[153]. These materials have been utilized in constructing exible interactive human on-
skin interfaces [134]. We propose in this work that capillary Ag-TPU can be utilized to
construct 3D-printable actuators suitable for human wearable devices. To our knowledge,
we present the rst skin-applicable, fully 3D-printable soft actuator. The content of this
chapter was published in Proceedings of the 2020 ACM International Symposium on
Wearable Computers [38].

The remainder of this chapter is structured as follows. Section 3.1 discusses related
works. Section 3.2 then details on the working principle, design, and fabrication approach
of FLECTILEespectively. Meanwhile, Section 3.2 illustrates a recipe-style introduction
for building FLECTILEIn a simple and e ective manner. This step-by-step guide provides
clear instructions on constructing the actuator, ensuring the process is accessible and
straightforward. Following this, Section 3.3 presents the technical evaluation regarding on
the possible working frequency and various dimensions and presents a user study on the
empirical observations. Section 3.4 presents a set of example applications. To conclude,
Section 3.5 discusses the limitations and future workECTILE

3.1 Related Work

Initially, we presented a comprehensive comparison between our research and related stud-
ies [27, 54, 55, 174], primarily focusing on various aspects such as materials, manufacturing
techniques, exibility, and application scenarios. This comparative analysis was presented
in a detailed and visually accessible manner through Table 3.1, clearly highlighting the
distinctions among these works. This comparison facilitated a better understanding of
the key di erences and nuances that set our work apart. The related study demonstrated
more intricate and complex approaches to fabrication, involving multiple steps and tech-
niques. In contrast, our methodology prioritized simplicity and ease of comprehension,
signi cantly reducing production and manufacturing costs.

The design oFLECTILEvas speci cally tailored for the application scenario of a tactile
actuator on the skin. Hence, we conducted a thorough comparison between our approach
and existing studies aforementioned [27, 55, 174] that shared a similar structure and similar
application context. As depicted in Table 3.2, our primary focus revolved around the critical
examination and comparison of the fundamental principles driving actuation, which were
employed as part of our investigation.
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3.1 Related Work

Table 3.1Comparative analysis [27, 54, 55, 174] of electromagnetic actuators: evaluating

materials, manufacturing processes, exibility, and application scenarios.

Material

Fabrication Method and Process

Stretchability

Application

EGaln
Alloy
[27]

Injection

(1). laminate the silicone;
(2). cover a micro carbon
hollow;

(3). cure the micro carbon
hollow;

(4). inject the LMA into
hollow lament;

(5). insert the electrodes;
(6). form it into the helical
shape;

depend on
the tube and
substrate

Robotics &
Vibrotactile
Feedback
Display

Ga-In
Alloy
[54]

Injection

(1). wash silicone tubes;

(2). inject the LMA into tubes;
(3). build electronic connectior
(4). seal the metal pins

(5). wound tubes into helical
shape;

(6). cast the silicon;

(7). cure the actuator,

(8). repeat the procegs)
and(7);

(9). trim to desired shape;

N

depend on
the tube and
substrate

Robotics

Ga-In
Alloy
[55]

Spraying

(1). coat a PDMs layer;

(2). cure the substrate;

(3). cover the Im with a mask;
(4). print the LM traces;

(5). remove the mask;

(6). spin to coat a PDMs layer;
(7). cure the actuator;

depend on
the PDMs
substrate

Robotics

Copper
Wire
[174]

Moulding

(2). place a Cu caoill;

(2). sub-merge the Cu caoill;
(3). bake for the rst time;
(4). seal the coil again;

(5). cure the actuator;

(6). trim to desired shape,;

depend on
the silicone
substrate

Haptic
Interface

Ag-TPU
FLECTILE

Fully
3D
Printed

(1).
(2).
(3).

print a TPU substrate;
print traces;
cure the actuator;

both coil and
substrate are

fully elastome

based

Haptic
r Interface
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3 FLECTILE: 3D-Printable Soft Actuators

Table 3.2Diverse driving modes of actuators in related work [27, 55, 174] for inducing
vibrations.

Name Moving Parts

Permanent magnet is triggered by the magnetic eld
Do et al. [27] generated from the wound coils to move upward and
downward.

The coil produces an electromagnetic eld when stimulated
Guo et al. [55] by a statically positioned external magnet, causing it
to oscillate laterally.

Permanent magnet is triggered by the magnetic eld
Yu et al. [174] generated from the FPCB coils to move upward and
downward.

The coil produces an electromagnetic eld when

Our work - FLECTILE | stimulated by a statically positioned external magnet,
causing it to move upward and downward.

3.2 FLECTILE: Flexible Tactile Actuator

FLECTILEvas designed as a tactile actuator, following the guidelines proposed by Gem-
perle, Ota, and Siewiorek [46] and Zeagler [176]. The actuator is lightweight, exible, and
available in various con gurable scales. Moreover, it can be manufactured using a few
entirely 3D-printing-based steps, minimizing the need for manual e ort.

3.2.1 Working Principle and Design

FLECTILBperates based on Ampere's law. A conductor generates a magnetic eld around
it once current ows. The direction of the magnetic eld created by a current distribution
using Ampere's law is determined by the right-hand rule. First, wrap the right hand
around the loop with the ngers in the direction of the current ow. Then, the direction of
the thumb represents the direction of the magnetic eld produced by that current (see in
Figure 3.1). The combination of a state-switching electromagnetic coil by alternating the
current direction and a permanent magnet makes up the actuator. Figure 3.2 shows the
working principle of FLECTILE By alternating the direction of the current owing inside
the conductors, the direction of the resulting electromagnetic eld could be controlled.
Consequently. the actuator could achieve upward and downward motion, depending on
the interplay of attraction and repulsion forces induced by external magnets.

We present a novel design where, instead of single-sided coils in related works, the
conductive loops are on both sides of the substrate (see Figure 3.2), thanks to the conve-
nience of 3D printing and the exibility of coil materials. This principle allows current to
ow in a clockwise and counterclockwise direction, respectively. According to Ampere's
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3.2 FLECTILE: Flexible Tactile Actuator

Figure 3.1: Magnetic elds produced by currents ows in the conductor.

Law, when current ows through clockwise and counterclockwise loops, they generate
a magnetic eld in the same direction. Consequently, the actuator eld strength of the
Ag-TPU traces improves, bringing it closer to that of single-coil actuators based on the
liquid metal alloy. The form language &fLECTILEs very simple and could be directly
placed on the user's forearm.

Figure 3.2(A). 3D view of theFLECTILEwith printed coils designed in clockwise and
counterclockwise on two sides of the substrate; (B). Front view of the placement
of FLECTILEand the magnet; (C). Utilizing a driving method that involves
switching on and o a 5V DC power source.

3.2.2 Manufacturing Process

This section introduces the overall fabrication process=afECTILEPrinting an actuator
requires several simple, mostly automated steps. Figure 3.3 shows the fabrication of the
electromagnetic soft actuator.

Initially, a 0.8 mm thick Thermoplastic Polyurethane (TPU) substrate with a centrally
located all-through hole (1 mm diameter) was produced using a Fused Filament Fabrica-
tion (FFF) 3D printer (Model: Ultimaker 3) and semi- exible lament TPU 95A (Brand:
Ultimaker). Subsequently, using a Direct Ink Writing (DIW) 3D printer (Model: Voxel8
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3 FLECTILE: 3D-Printable Soft Actuators

Figure 3.3The fabrication process involves the following sequential steps: (A). Printing
a TPU substrate with a centrally located all-through hole measuring 1mm
in diameter; (B). Printing capillary Ag-TPU ink traces on both sides of the
substrate; (C). Curing the printed traces to enhance their conductivity and
durability; (D). Connecting copper wires and traces using the same Ag-TPU
ink to establish electrical connections.

Developer's Kit printer) equipped with a 4Q@m nozzle capillary silver TPU ink (Ag-TPU)
traces were printed on one side of the TPU substrate, with a silver content of 21 vol%. The
actuator was left to dry at room temperature for a period of eight hours. Additional trace
was then printed on the other side of the TPU substrate, and a droplet of capillary ink was
meticulously inserted into the central hole to establish an interconnection between the
two coils. Subsequently, the actuator was left to dry at room temperature for an additional
eight-hour period. The fabrication process utilized capillary Ag-TPU ink, which follows
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3.2 FLECTILE: Flexible Tactile Actuator

the method described in previous research proposed by Sun, Han, and Willenbacher [153].
The capillary Ag-TPU ink contains micro-sized Ag akes, enabling it to exhibit both high
conductivity and stretchability. Its electrical conductivity was measured to be 2884
165 S/cm using a four-point probe method. Therefore, these materials hold tremendous
potential for signi cant advancements in various domains, including wearable devices,
soft robotics, and deformable electronics.

In order to enhance accessibility, we have compiled a concise and user-friendly set of
recipe-style instructions for creating do-it-yourself (DIY) actuators tailored to speci c
individual applications. This approach simpli es the process by breaking it down into
step-by-step instructions (shown below), allowing individuals to easily fabricate actuators
according to their unique needs and desired applications.

Ingredients

~ Ultimaker 3 TPU 95A lament (2.85 mm, 750 g, white);

" Capillary silver TPU ink (Ag-TPU, including 21 vol% Ag [153]);
Apparatuses

” Fused Filament Fabrication (FFF) 3D printer;

"~ Direct InkWriting (DIW) type 3D printer;

" A needle (1 mm in diameter);
Instructions

" Design the mold for substrate with CAD software (parameter of the sample actuator
is shown in Figure 3.3 (A));

Print substrate using TPU 95A lament from FFF 3D printer;

~ Print a trace on one side of the substrate rstly using Ag-TPU ink and DIW printer;
" Use the Ag-TPU ink to Il the hole in the center of the substrate;

After 30 minutes of cure, print the trace on the other substrate side;

"~ Let actuator sit at room temperature for 8 hours until cured;

" Connect the copper wires with the printed traces with the Ag-TPU ink;

Moreover,FLECTILEctuators can be printed freely in varying sizes. The print width of
the trace can be adjusted by modifying the size of the nozzle in the Direct Ink Writing (DIW)
3D printer. By employing di erent nozzle sizes, variations in the width of the printed trace
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3 FLECTILE: 3D-Printable Soft Actuators

can be achieved. According to wearability constraints by Zeagler [176], the weight and
size limits of the area on the forearm are 226g and much less than 40mm. Figure 3.4 shows
di erent actuators in dimension, both of which are far below the limitations (including,
e.g., a 100 g magnet). The smallest actuator we have manufactured exhibits dimensions
comparable to that of a one euro cent coin, with a weight of merely 0.4g (see Figure 3.4
Example A).

Figure 3.4: Various diameters and trace width/distance con gurations.

3.3 Evaluation

In order to assess the applicability BLECTILE, we rstinvestigated their general actuator
properties, then we conducted a user study. We employed an actuator with a trace width
of 400um, a diameter of 35 mm, and a thickness of 0.8 mm. The choice of diameter size
was informed by previous work on soft actuators conducted by Guo et al. [55]. The magnet
had dimensions of @ 42x9 mm and a holding force of 55 kilograms. Initially, the distance
between the permanent magnet and the actuator was setto 1 mm. The technical foundation
involved anArduino Duemilanovenicrocontroller board (ATmega328) operating at 5 V.
The connection between the copper wires on the soft actuators and the microcontroller
was established using crocodile clips and jumpers via Digital I/O Pins.

3.3.1 Actuator Properties

In order to characterize the actuator under various conditions, we conducted three experi-
ments to determine the most stable working frequency, the maximum working distance,
and the impact of di erent magnetic elds.
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3.3 Evaluation

3.3.1.1 Working Frequency

The rst experiment aimed to determine the robust working frequency range of the actua-
tors. A slow-motion camera (240 fps) was positioned to capture the actuator's performance,
speci cally de ned as stable and continuous actuation. The working performance was
characterized by varying the electric actuation frequency in the range of 1-80 Hz. This
frequency range aligns with the consensus on the limits of human exposure to vibration
[52, 147]. Within the frequency range of 1 to 10 Hz, we used a step-size of 2 Hz, while for
the range of 10 to 80 Hz, we used a step-size of 10 Hz. Additionally, we investigated the
upper-frequency limit using a step-size of ten. No visible vibration was observed above
200 Hz.

Figure 3.5 illustrates the changes in normalized amplitude with respect to actuation
frequency, extracted frame-by-frame from a video. The actuator demonstrates robust
performance within the frequency range of 1 Hz to 30 Hz. However, an unexpected
continuous small pulse emerges above 40 Hz. We propose that the insu cient strength of
the magnetic eld causes the actuator to be pulled in the opposite direction before changing
its motion, resulting in the observed behavior. The actuator exhibits the most stable
performance within the frequency range of approximately 20 Hz to 30 Hz. Therefore, we
utilized a frequency of 20 Hz in the subsequent user stualyE CTILEXxhibits compatibility
with a wide range of frequencies, making it suitable for diverse applications.

Figure 3.5: Experiment 1 results, Actuator response frequency: 1-200Hz.

3.3.1.2 Working Distance Range

The second experiment was conducted with the objective of determining the maximum
operational range of the actuator. To achieve this, we employed 3D printing technology to
create cubes with varying heights ranging from 10 to 20 mm, corresponding to working dis-
tances spanning from 1 to 11 mm. These cubes were printed in one-millimeter increments.
Subsequently, we securely attached the actuator to each cube and established a connection
to the AC power source. Employing a methodical approach involving gradual height
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