
UC Santa Barbara
UC Santa Barbara Electronic Theses and Dissertations

Title
Facilitating Shared Haptic Experiences: Design, Engineering, and Perception

Permalink
https://escholarship.org/uc/item/9td4j1wv

ISBN
9798186385448

Author
Dinulescu, Stejara Iulia

Publication Date
2026-03-25

Supplemental Material
https://escholarship.org/uc/item/9td4j1wv#supplemental
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9td4j1wv
https://escholarship.org/uc/item/9td4j1wv#supplemental
https://escholarship.org
http://www.cdlib.org/


University of California
Santa Barbara

Facilitating Shared Haptic Experiences: Design,

Engineering, and Perception

A dissertation submitted in partial satisfaction

of the requirements for the degree

Doctor of Philosophy

in

Media Arts and Technology

by

Stejara Iulia Dinulescu

Committee in charge:

Professor Yon Visell, Chair
Professor Jennifer Jacobs
Professor Elliot Hawkes

June 2026



The Dissertation of Stejara Iulia Dinulescu is approved.

Professor Jennifer Jacobs

Professor Elliot Hawkes

Professor Yon Visell, Committee Chair

March 2026



Facilitating Shared Haptic Experiences: Design, Engineering, and Perception

Copyright © 2026

by

Stejara Iulia Dinulescu

iii



Acknowledgements

This research presented in this document would not have been possible without

tremendous support from collaborators, mentors, friends, and family.

First, I want to thank my PhD advisor, Dr. Yon Visell, for mentoring this research

and supporting me in my growth as a scientist and writer. I want to thank my committee

members, Dr. Jennifer Jacobs and Dr. Elliot Hawkes, for their incredible support and

feedback during my years at UCSB; their courses inspired this research and contributed

to my academic growth. I additionally extend my deepest gratitude and appreciation

for my peers and collaborators from the RE TOUCH Lab – Neeli Tummala, Gregory

Reardon, Dustin Goetz, Yitian Shao, Bharat Dandu, Anzu Kawazoe, Mengjia Zhu, Max

Linnander, and Serena Lee – who have provided tremendous feedback on my research

and inspired me to become a better scientist.

This work would not have been possible without the tremendous financial support

and guidance from the University of California, Santa Barbara, the Media Arts and

Technology Program, and the National Science Foundation throughout my PhD. I want

to specifically thank Allyson Walker and Marcos Novak for their assistance during my

years at UCSB.

A huge thank you to Kit Dunagan, whose unwavering support inspired my contin-

ued determination over the past several years. I additionally am extremely grateful to

Nefeli Manoudaki, Iason Paterakis, and Mert Toka for their tremendous support and

artistic collaborations, inspiring me to think outside the box and pushing me as an artist

throughout my PhD. I lastly want to thank my family – Aurelia, Antonia, and Catalin

Dinulescu – for their tremendous support and dedication, despite the distance, and my

cat Nala and horse Bunny, who keep me motivated to persevere and enjoy the mundane.

iv



Curriculum Vitæ
Stejara Iulia Dinulescu

Education

2026 Ph.D. in Media Arts and Technology (Expected)
University of California, Santa Barbara.

2024 M.S. in Media Arts and Technology
University of California, Santa Barbara.

2019 B.S. in Psychology
B.A. in Creative Computation
B.A. in Studio Art
Southern Methodist University.

Publications

Journal Articles

1. M. Zhu, A. Ferstera, S. Dinulescu, N. Kastor, M. Linnander, E. W. Hawkes,
Y. Visell (2023) A Peristaltic Soft, Wearable Robot for Compression Therapy and
Massage. IEEE Robotics and Automation Letters.

2. M. Zhu, S. Biswas, S. Dinulescu, N. Kastor, E. W. Hawkes, Y. Visell (2022) Soft,
Wearable Robotics and Haptics: Technologies, Trends, and Emerging Applications.
Proceedings of the IEEE.

3. S. Dinulescu, T. Alvi, D. Rosenfield, C.S. Sunahara, J. Lee, B. A. Tabak (2021)
Self-Referential Processing Predicts Social Cognitive Ability. Social Psychological
and Personality Science.

Peer-Reviewed Conference Papers

1. S. Dinulescu, N. Tummala, G. Reardon, B. Dandu, D. Goetz, S. Topp, Y. Visell
(2022). A Smart Bracelet Supporting Tactile Communication and Interaction. Pro-
ceedings of the IEEE, Haptics Symposium.

In Preparation

S. Dinulescu, D. Goetz, N. Tummala, S. Lee, J. Carpino, Y. Visell (2026) An Inter-
Manual Exoskeleton that Facilitates Guided Multi-Finger Grasping and Manipulation.

v



S. Dinulescu, N. Tummala, S. Lee, Y. Visell (2026) Haptic Shape Perception via Guided,
Whole-Hand Exploratory Movements.

Awards

2022 Runner Up, Best Conference Paper (Place 2/39)
IEEE Haptics Symposium, Santa Barbara, CA

2021 Graduate Research Fellowship
National Science Foundation

2020 Honorable Mention, Most Promising Work-In-Progress
IEEE Haptics Symposium, Virtual Proceedings

vi



Abstract

Facilitating Shared Haptic Experiences: Design, Engineering, and Perception

by

Stejara Iulia Dinulescu

Despite rapid advances in computing and multimedia, there is a digital divide sur-

rounding our sense of touch: Existing technologies cannot facilitate the sharing of haptic

experiences in the ways that are possible with other media. The challenges in realizing

such technologies arise from the hand’s biomechanical complexity and extensive sensory

capabilities, as well as from the intrinsically active nature of touch interactions. This

dissertation builds upon prior research on haptic perception and hand function to in-

vestigate opportunities for new haptic technologies and methods that can facilitate the

sharing of haptic experiences.

After two chapters of introduction and background information, the third chapter

addresses the need for the digital transcription of interpersonal touch communication

through tactile sign languages (TSLs), used by people with multiple sensory impair-

ments. It presents a wrist-worn smart bracelet that senses touch-evoked skin oscillations,

extracts discriminative spatiotemporal features, and accurately classifies the 26 letters of

the Deafblind Manual alphabet, an Australian TSL, while leaving the hand free for nat-

ural interaction. This chapter establishes that semantic touch gestures can be digitally

encoded and recognized via remote sensing at the wrist, and it presents methodologies

for integrating tactile communication with digital systems to bridge the haptic digital

divide.

The fourth chapter moves from the context of sharing touch communication digitally

to shared physical haptic interactions. This chapter presents the design, fabrication,

vii



and evaluation of an inter-manual exoskeleton that passively couples two hands together,

enabling the transfer of finger, thumb, and hand movements from one person (guiding)

to another person (guided). This device creates an unusual sensorimotor condition in

which the guiding participant retains motor control but lacks direct cutaneous contact

with the object. Experiments assessing manual dexterity (peg-in-hole, shape stacking)

show that the grasping and manipulation of small objects is facilitated under guided

movement conditions with the exoskeleton, with minimal loss in task accuracy. However,

task completion times were substantially longer in the guided condition than during self-

directed movement. This device serves as both a functional mechanism for shared manual

interaction and as an experimental platform for investigating sensorimotor consequences

of guided haptic interactions with objects.

The fifth chapter uses the aforementioned inter-manual exoskeleton to investigate

whether haptic perception of three-dimensional shape requires hand movements to be

self-directed. The inter-manual exoskeleton enables the guided participant to receive cu-

taneous input from contacting objects, without self-directing finger and hand movements

during the haptic interaction. In a haptic experiment using three-dimensional objects of

complex surface features, guided participants discriminated object shape reliably above

chance; however, self-directed exploration resulted in higher performance. These find-

ings show that guided hand movements nevertheless support the haptic discrimination

of complex three-dimensional objects.

The research presented in this dissertation contributes to a deeper scientific under-

standing of the sensorimotor system; specifically, how guided movements affect haptic

perception and hand function during grasping and manipulating objects (Chapters 4 and

5). Additionally, it provides technical methodologies that integrate the sense of touch

across digital social interactions (Chapter 3). Ultimately, this dissertation positions the

goal of sharing our rich, whole-hand touch experiences at the forefront of emerging haptic
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technologies and scientific inquiry.
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Chapter 1

Introduction

Advances in multimedia computing, targeting predominantly auditory and visual sensory

modalities, have transformed our social and digital interactions. We can now share images

through social media, experience live streams, and engage with virtual or mixed reality

with the simple click of a button and access to the internet. However, despite decades of

research, no technology can capture, reproduce, or share the rich touch experiences that

approximate those that we encounter in most daily activities. This persistent gap, which

I refer to as the haptic digital divide, is not merely a technical limitation of sensors or

actuators, but a consequence of the inherent biological complexity of the human hand,

which functions as both a refined sensory organ and a dexterous manipulator of the

physical environment. It has therefore proven challenging to develop haptic devices that

facilitate sharing our rich haptic experiences with other people, outside of the original

sensorimotor contexts in which they are felt.

The first challenge stems from the ability of the human hand to facilitate diverse

functions across a myriad of contexts: We can grasp and manipulate small or heavy

objects, gently shape lumps of clay into intricate, detailed sculptures, squeeze the hand

of a friend to convey comfort or support, or communicate through tactile sign languages,

where letters are spelled across the hand with combinations of tapping, pinching, and

sliding gestures. The remarkable, dexterous abilities of the hand arise from the complex
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Introduction Chapter 1

neural integration of tactile information, sensed via mechanoreceptors in the skin, kines-

thetic information, sensed via receptors in the joints and muscles, and internal predictive

models of anticipated sensorimotor consequences [11, 12, 13, 14, 15, 16]. Our ability to

coordinate movements is therefore intrinsically linked to what we feel.

Second, the human haptic sense is an inherently active sensory modality [17, 18,

19]. During haptic perception, our self-directed hand movements elicit specific tactile

signals from the interaction, enabling the rapid haptic identification of objects and their

properties (such as shape, size, texture, weight, hardness, and temperature) [20, 21, 9,

22, 23, 17]. These tactile signals are highly dependent on how objects are explored; for

example, we move our hands across object surfaces to feel texture, we lift objects to

perceive weight, and we press into objects or deform them to feel compliance. What we

feel is therefore intrinsically linked to how we move our hands.

The interdependencies between haptic perception and hand function, as illustrated

above, have made it challenging to capture and share our rich touch experiences to date,

as sharing a haptic experience is not as simple as capturing and replaying what we feel via

the skin, outside of the hand’s kinematic context. In order to further the broader goal of

sharing of haptic experiences, new technologies, capable of mediating collaborative hap-

tic interactions, must be developed. This dissertation presents the motivation, design,

fabrication, and evaluation of two wearable haptic devices that enable shared touch expe-

riences between two people, alongside contributions made to the scientific understanding

of the human haptic sense.

In the third chapter, the shared experience of tactile communication is examined.

Touch plays an essential role in communication with individuals affected by multiple

sensory loss, many of whom use modes of touch communication that can be broadly de-

scribed as tactile sign languages (TSLs). When communicating through TSLs, one person

touches the hand of another person using distinct tactile lexicons to spell out sentences
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with expression and nuance, similarly seen with verbal languages. Few technologies ex-

ist today to support such interactions. This chapter directly addresses a current need

for supporting digital tactile communication for those with multi-sensory impairments

by presenting a smart bracelet that can digitally capture and accurately classify letters

of the Deafblind Manual alphabet, an Australian tactile sign language. Such wearable

tactile transcription devices are a promising avenue for increasing the accessibility of dig-

ital touch interactions for those with multiple sensory loss, who communicate via TSLs.

This research also presents tangible haptic input methodologies that can be applied more

broadly towards bridging the current haptic digital divide, furnishing new paradigms for

human-computer interaction via self- and interpersonal-touch contact.

In the fourth chapter, an inter-manual exoskeleton is developed to facilitate physical

shared haptic interactions with objects. Here, the shared haptic experience is the physi-

cal, manual guidance of one hand by another hand, resulting in the transfer of kinematic

postures from the guiding to the guided hands. As a consequence of this guidance, the

haptic sense is partitioned across two people, where one person can directly touch the

objects, and the other person can directly control performed movements. Evaluation of

the exoskeleton indicates that small objects can be successfully grasped and manipulated

under guidance, as shown through two manual dexterity tasks. The device further serves

as a platform for scientific investigation into haptic perception under guided, multi-finger

movements, explored subsequently.

In the fifth chapter, a shared haptic perceptual experience is investigated: The ques-

tion of interest is whether hand movements when perceiving objects are still sufficiently

informative when they are guided by another person, rather than self-directed. The

inter-manual exoskeleton, presented in the fourth chapter, is employed here, where one

person guides the multi-finger movements of another person in exploring the surfaces of

two objects, which contain complex surface features, and judging whether their shapes
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are the same or different. Findings indicate that guided movements support complex

three-dimensional shape discrimination, suggesting that hand movements may not need

to be deliberate to be perceptually informative.

The design, development, and evaluation of these two haptic devices contribute to

greater scientific knowledge of our human haptic sense and present tangible outcomes

towards a future where our sense of touch can be shared between two people. The

following two sections further detail the contents and contributions of this dissertation.

1.1 Overview

The second chapter of this dissertation integrates interdisciplinary theories and exper-

imental findings from the fields of haptic engineering, neuroscience, psychophysics, and

perception to describe what is known about the human hand function and the haptic

sense, contextualizing the research contributions in the subsequent chapters. The second

chapter begins with a review of our sensorimotor system, followed by investigations into

contextual differences between active, exploratory touch and passive, guided touch. It

further reviews how our sense of agency over body movements and haptic experiences

arises cognitively, and it culminates with design considerations for wearable devices that

interface with the hand for haptic interaction.

The subsequent chapters of this dissertation (Chapters 3-5) present the design, fab-

rication, evaluation, and contributions of two haptic technologies towards the goal of

sharing haptic experiences between two people. In one case, the focus is on the specific

context of interpersonal tactile communication; in another case, the context of collabora-

tive inter-manual, multi-finger guidance is addressed (including the more kinematically

complex thumb, which has been a challenge to address to date). These wearable de-

vices progress the overall vision of sharing haptic experiences and may additionally serve
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as experimental platforms for fundamentally investigating human haptic perception and

hand mobility.

The third chapter identifies a current need for haptic sensing technologies that can

support digital tactile communication for people with multiple sensory loss, who employ

lexicons of semantic touch gestures, known as tactile sign languages, for interpersonal

communication. A smart bracelet is developed using four sensors worn at the wrist to

capture and analyze vibrations that are elicited in the skin from touch gestures performed

on the hand. Here, the hand is left free to support tactile and manual interactions. The

smart bracelet can accurately classify (> 90%) the 26 letters of the Australian Deafblind

Manual tactile sign language, despite a limited dataset. The first digital input device

of its kind for users who communicate via tactile sign languages, this work shows how

existing modes of tactile communication can be integrated with information technologies

using currently available sensing methods and algorithmic approaches.

The fourth chapter presents the design of a passive, inter-manual exoskeleton, cou-

pling the hands of two people, that enables the hand of one user to guide multi-finger

grasping and manipulation by the hand of another user. The device is designed to pro-

vide the guiding hand with sufficient direct control, and to afford sufficient mobility, to

enable successful grasping and manipulation of small objects using the guided hand’s fin-

gers, without the need for actuation or control electronics. The design was informed by

an idealized kinematics analysis, along with ergonomic considerations, mobility require-

ments, and avoidance of occlusion. The functionality of the device was assessed during

experiments that coupled the hands of pairs of participants in representative manual

dexterity tasks. One participant guided motion, using vision, and the other remained

passive and compliant. Results show that manual dexterity tasks can be successfully per-

formed with the inter-manual exoskeleton, albeit with significantly slower performance

when compared to individual (self-directed movement) conditions. Such an inter-manual
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exoskeleton can be used to prototype and evaluate the design of multi-finger kinesthetic

interfaces and may find use in scientific experiments on haptic perception.

The fifth chapter examines how haptic shape discrimination varies when hand move-

ments are self-directed or guided by another person, using the inter-manual exoskeleton

presented in the previous chapter. Participants in either self-directed or guided movement

conditions judge whether two objects (3D-printed bell peppers) are the same, regardless

of their orientations, and report their confidence in provided responses. Results indicate

that although performance is higher during self-directed movements, guided movements

nevertheless support complex three-dimensional object perception. While haptic object

perception relies on exploratory procedures (i.e., patterns of hand movements that de-

pend on the haptic attributes of interest), our results suggest that the hand movements

need not always be deliberate, although further research is warranted. Exploratory find-

ings on subjective experiences during guided multi-finger movements indicate that such

shared haptic experiences may change feelings of body ownership or awareness in the

guided hand, opening up avenues for future research inquiry.

Chapter Six concludes the dissertation, presenting future research opportunities for

digital and inter-manual technologies that enable shared haptic experiences.

1.2 Contributions

This dissertation presents the following contributions, summarized by chapter:

• The first chapter motivates the research in this dissertation through a proposal

that diverges from conventional approaches to haptic interaction design: that of

designing systems that facilitate the sharing of haptic experiences, rather than

systems that enable virtual haptic experiences of a single person.
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• The second chapter of this dissertation presents an interdisciplinary literature re-

view, synthesizing information from the fields of haptics, neuroscience, engineer-

ing, human-computer interaction, and cognitive psychology to contextualize the

research presented across the next three chapters. Additional in-depth background

relevant to the constituent research is given within the relevant chapters.

• The third chapter presents a smart bracelet for facilitating tactile communication

and interaction, specifically the transcription of tactile sign language communica-

tion that is used by numerous people worldwide who are Deafblind. The method-

ology presented here can transcribe tactile sign language with high accuracy and

points toward future possibilities for sharing tactile communication digitally. This

research has won two awards at the IEEE Haptics Symposium (2020 and 2022),

the former being Honorable Mention for Most Promising Work-In Progress Award,

and the latter being runner-up for Best Paper Award.

– This chapter presents the first characterizations of skin oscillations evoked

across the hand during signing, providing new insight into what the hand feels

during communication via tactile sign languages.

– This research demonstrated that tactile sign language letters can be discrim-

inated by sensing these skin oscillations. This discrimination is possible even

when employing only a few sensors, located at wrist.

– The prior finding informed the design of a smart bracelet worn at the wrist

that integrates just four miniature accelerometer sensors.

– The device enables TSL transcription with per-letter accuracies of greater than

90%.

• The fourth chapter presents a distinct approach to facilitating shared haptic experi-
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ences – the design of an inter-manual exoskeleton that enables guided, multi-finger

grasping and manipulation.

– This research demonstrates an unconventional approach to haptic design by

presenting a kinematically designed mechanism that enables the hand of one

user to guide movements and manipulation by another user’s hand, without

the need for actuators or control electronics.

– Using this inter-manual exoskeleton, participants are able to complete repre-

sentative, standardized manual dexterity tasks (peg-in-hole and shape-stacking)

by guiding manipulation of another hand.

– This device facilitates new experimental paradigms for investigating haptic

perception and hand function, and it could additionally aid the design and

fabrication of multi-finger haptic technologies for hand guidance.

• The fifth chapter utilizes the shared haptic approach presented in the prior chap-

ter to investigate haptic discrimination of three-dimensional objects with complex

surface features under guided movement conditions.

– During guided, rather than self-directed, hand movements, participants were

nonetheless able to discriminate complex haptic shapes. This is significant

because established accounts of haptic object perception generally assume

that hand movements are deliberately-produced and self-directed to facilitate

perception. The results of this chapter show that this is not entirely the case.

– Subjective experiences during such shared haptic experiences may result in

changes of body awareness of guided users, although further investigation is

needed.
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Chapter 2

Considerations for The Human
Haptic Sense

This chapter reviews prior literature from the fields of neuroscience, haptic engineering,

psychophysics, and cognitive psychology as a general context for the research presented

in this dissertation. More detailed overviews on the topics of each chapter (Chapters

3-5) are presented in their respective introduction sections. This chapter summarizes the

sensorimotor complexities inherent in the human haptic sense and investigates several

contexts for haptic interaction (i.e., active, exploratory touch versus passive, guided touch

paradigms). Furthermore, it discusses engineering principles and design considerations

for wearable haptic systems, including sensing and actuation technologies, and explores

additional considerations for assistive haptic devices. This chapter provides the research

context and motivations for the smart bracelet assistive device, presented in the third

chapter, and the inter-manual exoskeleton that enables guided hand movements, presented

in the fourth chapter and employed in the fifth chapter.

2.1 Preface

The English word haptic originates from the Greek words haptikós, meaning “able to

touch/come into contact with” and háptein, meaning “to grasp/to fasten” [24, 25, 26, 27].
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Haptics is defined by the Oxford English Dictionary as “of the nature of, involving, or

relating to the sense of touch, the perception of position and motion (proprioception),

and other tactile and kinesthetic sensations.” As seen through the etymology and defini-

tion of “haptic,” there exists inherent couplings between 1) our cutaneous sense, where

information is perceived through receptors in the skin, 2) our proprioceptive sense, where

relative position of the kinematics of the body is conveyed via receptors in the muscles

and joints, and 3) our ability to coordinate and plan movements of the hand, eliciting

deliberate information from hand-object interactions [20, 21, 28, 29, 30, 18, 31]. The

field of haptic engineering is therefore an interdisciplinary one, combining perception

and psychophysics, neuroscience and neurobiology, and electrical, mechanical, and ma-

terials engineering to develop devices targeting the human haptic sense. This chapter’s

purpose is to highlight the complexities of the human haptic sense by presenting relevant

theories and experimental findings from existing literature. These complexities and con-

siderations have made it difficult to develop devices that can preserve and share our rich

touch experiences.

2.2 Our Sensorimotor System

Our haptic modality is highly refined. Incoming information from thousands of

tactile receptors (over 10,000 per hand) are integrated and processed in the brain’s

somatosensory cortex, the primary region for processing sensations felt via the skin

[13, 11, 12, 31, 32]. These sensations are intimately coupled to the kinesthetic condi-

tions with which they were experienced, and our perception of the tactile interaction is

a product of sensory and motor processing in the brain [28, 33]. For example, when we

open a door by manipulating a doorknob, the ways in which we move our hands will

deform our skin and other tissues. This results in our perception of the shape, texture,
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size, and resistance of the doorknob. We then coordinate our resulting hand movements,

which includes increasing our grasping force until our fingerpads do not slip against the

surface, and activating the necessary muscles to turn the wrist. Haptics is thus the coordi-

nated process of touch perception and action, with the hand as our primary sensorimotor

effector for contacting the world around us [12, 32, 9, 17].

There are four classes of tactile receptors in the glabrous skin of the hand, which

respond to different aspects of mechanical stimulation (such as vibration, skin stretch,

motion, etc.) [13, 33]. The mechanoreceptors, embedded in the skin at various depths,

send electrical impulses (i.e., spikes) up the body of the cutaneous afferent (i.e., peripheral

nerve cell). These electrical impulses are passed through the cuneate nucleus (spinal

cord), brain stem, thalamus, and finally converge within the primary somatosensory

cortex of the brain. Here, incoming sensory information is integrated and processed into

perception.

Cutaneous afferents are characterized as slowly adapting (SA) when responding to a

sustained stimulus, or rapidly adapting (RA) when responding to a change in stimulus

(i.e., start and end of a vibration). The four mechanoreceptor types, as described by Saal

and Bensmaia [13], are as follows:

• Slowly adapting type 1 afferents (SA1, terminate in Merkel disks) respond to skin

deformations and forces.

• Slowly adapting type 2 afferents (SAII, terminate in Ruffini cylinders) respond to

skin stretch and are thought to encode information about hand conformation.

• Rapidly adapting afferents (RA, terminate in Meissner corpuscles) respond to low-

frequency vibration and motion across the skin.

• Pacinian corpuscle afferents (PC, also rapidly adapting) respond to a wide range
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of vibration frequencies.

While these afferents have been traditionally seen to provide non-overlapping streams

of tactile information to the brain, known as functional sub-modality segregation, Saal

and Bensmaia have shown that populations of receptors across these four classes are ex-

cited by most tactile stimuli (i.e., sub-modality convergence) [13]. Our gestalt perception

of incoming sensory information is thus an integrated product of responses from popu-

lations of multiple mechanoreceptor types throughout the duration of contact with the

stimulus.

In response to perception of tactile stimuli, we often move our bodies to accommo-

date and execute an intended action (described as deliberate or self-directed movement)

[20, 34]. Our ability to grasp objects, or even perform a simple hand posture such as

a pinching movement, is a result of coordinated muscle activations, constrained by the

musculoskeletal system [28, 33, 35, 36, 37, 16]. The conformations of bones in our bod-

ies, along with tendons, flexor and extensor muscles, and ligament tissues, dictate our

range of movement, which can be expressed by degrees of freedom (DOF) and evaluated

kinematically. The unique conformation of the human hand, specifically the prehensile

thumb enabling abduction, adduction, extension, and flexion movements, is a structural

reason for our tremendous abilities to grasp and manipulate objects within a wide range

of sizes and weights.

Along with performing locomotion, muscles are additionally thought to provide sen-

sory inputs to the brain in order to prevent over-extension and injury, as well as dynam-

ically sense position in space (i.e., proprioception) [38, 33]. Furthermore, it has been

shown that cutaneous afferents are either directly or indirectly connected to circuits

involved with core locomotion, thus modulating these afferent signals [39, 40]. When

picking up a glass of water, we make quick corrective adjustments to our grip force to
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prevent the object from slipping without overexerting the muscles. These adjustments

in grip force are a result of strain patterns at the fingertip, sensed by mechanoreceptors

in the skin [13, 29]. In turn, unexpectedly changing these strain patterns at the fingertip

by altering the compliance of a surface can elicit the illusion of finger movements [28].

To further illustrate sensorimotor couplings, when the hand is anesthetized, thereby

preventing cutaneous information from reaching the brain, our ability to regulate grip

force and perform coordinated movements degrades tremendously [41, 42, 43]. A deeper

discussion of the multi-sensory integration that occurs in the central nervous system can

be found in research using functional magnetic resonance imaging (fMRI) by Kavounoudias

et al., where proprioceptive and/or tactile afferents were stimulated to produce kines-

thetic illusions (i.e., sensations that the body is moving) [44]. It is therefore understood

that the neural integration of cutaneous sensations, felt via the skin, and proprioceptive

information from our musculoskeletal system, provides the basis for our keen sense of

touch and dexterity of locomotion.

It has also been observed that perception of specific object properties, such as texture,

shape, weight, or compliance, requires the deliberate employment of categorical hand

movements [20, 21, 9, 23, 17]. If we were to perceive the weight of something, we would

need to grasp or hold the object in some way, and perform a lifting motion. In contrast,

to perceive texture, we would need to perform scanning motions over an object’s surface

with our fingertips. While these hand movements can be performed with variance in

speed, force, and other properties, they can be categorically grouped into 6 distinct

motions, referred to as exploratory procedures by Lederman and Klatzky [20]. These

exploratory procedures reflect the optimal movements needed to acquire pertinent sensory

information via the skin – when employed deliberately, objects can be identified within

several seconds of the interaction [22]. Other researchers have followed up on this seminal

body of work, utilizing computational analyses of hand dynamics and contact conditions
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for identifying or categorizing these six exploratory procedures [45, 46], all of which have

corroborated and contributed to the discussions started by Lederman and Klatzky’s 1987

seminal work on hand movements during haptic object perception.

There is a general assumption that our perception of touch is superior when we

maintain the deliberate ability to plan, coordinate, and execute our hand movements, as

we receive sensory inputs to the skin that are a direct result of the ways in which we choose

to move [17, 47]. However, it remains unclear the degree to which cutaneous sensation or

internal motor coordination and execution is needed for goal-oriented tasks. The following

section reviews distinctions between “active” (i.e., self-directed, exploratory touch) and

“passive” touch (i.e., touch received under conditions of non-volitional movement or static

contact), representing two distinct contexts of haptic interactions.

2.3 Active versus Passive Touch

In 1962, Gibson highlighted phenomenal and experimental differences between touch-

ing and being touched [47]. The semantics of the word “touching” indicate intentional

movements originating from the self, and this haptic context has been referred to broadly

as active touch in the literature. Conversely, “being touched” indicates receiving touch

from an external agent, broadly referred to as “passive touch.” Receiving touch can hap-

pen under a variety of conditions of kinesthesia – for example, a moving object can come

into contact with a static hand, or touch can be received as we are subsequently moving,

such as when your leg brushes by leaves on a bush, resulting in a tickling sensation and

subsequent motor reflex response. A static hand contacting an object is referred to as

passive static, and a hand that is moving via an external agent (i.e., guided by another

person or by a robotic device) is referred to as passive movement (or passive-guided).

As illustrated here, touch can be experienced across two broad contexts, and resulting
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haptic perception is dependent on specific neural couplings of incoming sensorimotor

information available during the experience. During active touch, the central nervous

system (CNS) utilizes internal predictive models (i.e., efference copies) during motor

coordination and planning to predict the sensory consequences of a motor command

[37, 16]. As a result, functional magnetic resonance imaging (fMRI) shows that active

touch involves a broader network of activation, including the primary motor cortex (M1),

the supplementary motor area (SMA), and the cerebellum, which are less involved or

silent during passive touch [48]. It is thus imperative to understand the contributions of

cutaneous sensation, kinesthetic sensation, and motor control during haptic perception

and action.

Active Haptic Perception Active Kinesthetic Perception

Kinesthetic Agency + Kinesthetic Agency +
Cutaneous Activation + No Cutaneous Activation +
Kinesthetic Activation Kinesthetic Activation

Hand intentionally touches object. Hand moves above object.

Passive Haptic Perception Passive Kinesthetic Perception

No Kinesthetic Agency + No Kinesthetic Agency +
Cutaneous Activation + No Cutaneous Activation +
Kinesthetic Activation Kinesthetic Activation

Hand is moved over object. Hand is moved above object.

Tactile Perception

Kinesthetic Agency
Cutaneous Activation

No Kinesthetic Activation
Object is moved over static hand.

Table 2.1: Conditions of haptic perception, as outlined by Klatzky and Lederman [9].

Lederman and Klatzky distinguish five unique contexts of haptic perception, which

arise from different couplings of the following variables: 1) the presence or absence of

motor control during movement, which we refer to as kinesthetic agency (either active

or passive), 2) contact between skin and surface (i.e., tactile, or otherwise noted as

cutaneous), and 3) sensed locomotion conditions of the body (i.e., kinesthetic), present
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during movement [9]. Depicted in Table 2.1, these categories are found to be more fluid in

practice; for example, a manual interaction can involve stages of passive haptic perception

and active kinesthetic perception.

Researchers have been able to investigate how we perceive specific object properties,

such as curvature [49, 50], compliance [51], roughness [52], general shape [53, 54], and oth-

ers, under these different haptic conditions. To best isolate variables and decrease inter-

personal variability in hand movements, the conducted experimental paradigms restrict

or prescribe the method of contact with the object’s surface; oftentimes, interactions are

restricted to simple virtual environments with rudimentary replications of physical ob-

jects and their properties, limited to the use of one or two fingers, or emulate tool-based

interactions, such as manipulating a pen or controller. Regardless, such research has

served as a foundational source of understanding for the human haptic sense; examples

of such systems for decoupling haptic perception and action are explored below.

The development of the Tactile Display System (TDS) [55] has enabled closer inves-

tigation of sensorimotor couplings within the human haptic sense, such as the ability

to directly compare active (exploratory) and passive (guided) haptic perception. The

TDS enables the recording and playback of one person’s deliberate finger movements

in a two-dimensional plane to another person, who cannot self-direct finger movements.

In perceptual experiments with raised line drawings, they found that cutaneous stimuli

presented to the skin during passive-guided conditions are just as informative for haptic

perception as during active tactile exploration [56, 57, 58], despite prior assumptions

about the superiority of active touch [47, 59].

This body of work is critical in beginning to isolate inherently coupled components

of the haptic sense. While similar studies have been attempted within virtual environ-

ment contexts using force feedback devices that reproduce single-finger or general hand

trajectories [60], no study to date has examined the reproduction of whole-hand (i.e.,
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multi-finger) movements with three-dimensional objects in this decoupled fashion. See

the fourth and fifth chapters of this dissertation for the design and functional assessment

of an exoskeleton device that decouples cutaneous sensation from control over hand move-

ments, which enables the evaluation of these nuances.

The above two sections have presented a “bottom-up” overview of the haptic system,

examining how incoming sensory information from the skin, muscles, and ligament tissues

is critical for haptic perception and dexterous manipulation. The final section of this

chapter will examine what happens at the cognitive level when we are in control over

our body movements, which I refer to as intact kinesthetic agency. This “top-down”

cognitive variable is critical to consider when investigating the nuanced couplings of

haptic perception and action.

2.4 Sense of Agency

The Sense of Agency (i.e., SOA) refers to the feeling that we are in control over our

actions and their consequences [1, 61, 62]. In reference to our body and its movements,

kinesthetic agency – or limb locomotion, originating from and executed by the self –

is experienced when an intended motion, such as extending a finger, leads to expected

perceived sensorimotor consequences.

Several theories exist to explain the occurrence of our kinesthetic SOA. The com-

parator model [1] (Fig. 2.1 A) attributes our sense of agency as arising from internal

sensorimotor prediction models called efference copies, which are compared against in-

coming perceived sensorimotor consequences to determine whether an action was initiated

by the self or by an external source [1, 61]. Engaging in self-directed and self-coordinated

movements, such as reaching for our coffee mug in the morning, and receiving expected

sensory feedback from the object and movements of our own body, results in a sense
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that we have planned, initiated, and followed through with the action. Studies have

shown that self-touch, including tickling, is perceived to be less intense than externally-

originated touch [63, 64], due to the filtering of expected sensorimotor consequences,

and thus sensory attenuation can provide an implicit metric of studying sense of agency

elicited from a haptic experience [1, 61].

Figure 2.1: Two Models of Sense of Agency A) The comparator model states
that our sense of agency arises from sensorimotor predictions (efference copies) and
consequences. B) The theory of apparent mental causation. We perceive our actions as
originating from the self when the distance between the actual and perceived intervals
of action and causation is minimized. Figures adapted from [1], © 2016 Moore,
licensed under Creative Commons 4.0.

Research has also found that when we perform a voluntary action, the perceived

time frame between action and its consequence is shifted toward each other [65]. This

perceptual change, called intentional binding, can be measured and used as another

implicit metric of agency [1]. This experimental finding supports the theory of apparent

mental causation, illustrated in Fig. 2.1B. This theory attributes our perceived sense
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of agency to arise from temporal couplings between intention and action, rather than

subconscious sensorimotor predictions and consequences (as described by the comparator

model) [66]. Illustrated in Fig. 2.1B, this perceptual dependence may explain why our

sense of agency can be so fallible.

Moore’s Bayesian cue integration theory integrates both of the above models. It states

that our sense of agency is based on various weighted sources, with more reliable sources

of information dominating the gestalt experience [1]. Our sense of agency is therefore

generally understood to arise from sensorimotor, perceptual, and neural consequences

and couplings; it is of critical importance to leverage this knowledge when designing

haptic systems or devices administering tactile stimuli or motion guidance to the body.

Our sense of agency can further be subdivided into two phenomenal experiences,

which can be thought of in terms of lower-level and higher-level cognitive processes [1, 62].

Our Feelings of Agency (FOA), are the lower-level, non-conscious feelings of control that

we have over our actions, rooted in our body’s natural sensorimotor processes as described

above. Our Judgments of Agency (JOA) come from a higher-level cognitive process that

is engaged when making attributions of agency to the self or others, and can be thought

of as the context knowledge relating to the action. A preserved sense of agency is one

where our FOA and JOA are in alignment.

While we may feel as though we can trust our sense of agency, research has shown

that our feelings and/or judgments of agency can be disrupted, for example, when a

performed action or consequence was not expected but logic implies self-causation [1, 62].

An example of this is when you knock something over without realizing it, but attribution

of agency is placed on you because you are the only person in the room who could have

knocked over that object at that time. More serious disruptions in agency have been

seen in illnesses such as schizophrenia, where thoughts and actions are perceived as

originating externally to the self (such as intrusive thoughts and auditory, visual, or
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tactile hallucinations) [67]. Our sense of agency can also be disrupted in a sensorimotor

context [61]; for example, some people experience a medical condition called Phantom

Limb, where they feel sensations from their amputated or missing limb (for example,

pain) or feel as though their phantom limb can still be moved.

However, an important distinction must be made here between sense of ownership

and sense of agency, as both are integral to self-experience and are present in the self-

concept of our bodies [61]. Ownership is experienced as identification of belonging to the

self (i.e., “mine-ness”), whereas agency is experienced as originating from the self. While

sense of ownership and sense of agency are not independent and both impact our sense

of self and our interactions, the scope of this dissertation focuses on kinesthetic agency,

which refers to a sense of control over one’s own limb movements, which originate from

the self. Kinesthetic agency is important to consider when developing haptic devices that

interface with the body, which will be summarized in the following section.

2.5 Designing Wearable Systems for Haptic Interac-

tion

Emerging research in haptic engineering has focused on the design, development, and

evaluation of wearable technologies (i.e., worn on the body, non-tethered). While tradi-

tional systems have prioritized touchable and graspable modalities of haptic interaction,

such methodologies often limit the user to a restricted kinematic workspace. In recent

years, there has been a distinct shift toward soft wearable robotic and haptic devices

that leverage compliant materials to improve comfort, ergonomics, and portability con-

siderations [68]. To adequately address design goals when developing haptic devices that

interface with the skin and are worn on the body, it is imperative to select technologies
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that are most appropriate for the application at hand.

2.5.1 Wearability Considerations

An overview of wearability considerations for haptic devices interfacing with the body,

as defined by Pacchierotti et al., are summarized below [69]:

• Form Factor: “Wearable devices should alter the body size of the wearer as little

as possible” [69]. This consideration is determined relative to the body part on

which the device is worn; for example, fingertip devices must be of significantly

smaller form factors than devices worn on the arm. Furthermore, devices should

be designed to fit the body part on which it is worn, rather than obstructing or

protruding from the limb. Choice of actuator mechanisms are critical here, as

oftentimes, actuators are the bulkiest components of wearable haptic devices.

• Weight: “Wearable devices should tire the wearer as little as possible” [69]. The

weight of the assistive wearable device should be appropriate for the strength of

the corresponding musculoskeletal structures of the body part on which the device

is worn, and should additionally limit the potential for fatigue with continued use

over time.

• Impairment: “Wearable devices should limit the motion of its wearer as little as

possible” [69]. Haptic devices should ensure appropriate kinematic compatibility

with the body part on which they are worn, without restriction or strain. Haptic

devices designed for the hand, such as hand exoskeletons for guiding movements

of the fingers, are optimally placed on the dorsal rather than palmar areas of the

hand, leaving the fingerpads and palm free for direct skin-object contact. In con-

trast, haptic devices that provide tactile stimulation are usually placed at the distal
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fingerpads, where tactile acuity is highest. Furthermore, haptic devices should be

able to accommodate a variety of limb sizes without hindering functionality.

• Comfort: “Wearable devices should be comfortable to wear and easy to adapt to

the wearer limb size and shape” [69]. When wearing haptic devices, discomfort can

be caused by sharp edges, rough surfaces, tight fabric bands, and hot parts from

mechanical actuation or power sources. To accommodate these common issues, soft

and conformable parts should be utilized wherever possible; however, there exists

a tradeoff between comfort and functionality, as oftentimes, haptic devices must be

pressed into the skin or fixed tightly to ensure proper function. Furthermore, care

must be taken to ensure that high torques or shear forces are minimized during use

of the device.

2.5.2 Sensing

The contents of this section have been adapted from [68], © 2022 IEEE. Reprinted,

with permission, from:

Mengjia Zhu, Shantonu Biswas, Stejara Iulia Dinulescu, Nikolas Kastor, Elliot

Wright Hawkes, Yon Visell, “Soft, Wearable Robotics and Haptics: Technologies,

Trends, and Emerging Applications,” Proceedings of the IEEE, vol. 110, no. 2, pp.

246-272, 2022.

Sensors are critical to the functionality of haptic and robotic systems, enabling them

to detect or perceive environmental stimuli, perform controlled movements, and manip-

ulate their environments. Common sensing tasks include tracking the kinematic configu-

ration and movements of the robot, sensing contact forces, and collecting environmental

information, such as the geometry and configuration of nearby objects. In the last few
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decades, a large number of soft, wearable, and conformable sensors to detect strain, pres-

sure, gesture, light, temperature, motion, and many other variables have been developed

for wearable robotics applications. Data collected from these sensors can be used to

control the behavior of the robotic system in a physical environment, through actuation-

integrated feedback control, motion or task planning, or to provide application-dependent

information, including the affordance of interactivity, as in the sensing of motion or kines-

thetic inputs from a user in relation to objects in a virtual environment. It is imperative

to select sensors that best suit the design goals of the intended system, several of which

are briefly reviewed below. For a more extensive review, see [68].

• Capacitive sensing is based on capacitive coupling, which is the transfer of elec-

trical energy by means of charged surfaces coupled through electric fields. A simple

example of a capacitive sensor is a parallel capacitor with a soft dielectric mate-

rial whose softness enables the device geometry, and thus capacitance, to change

in response to applied mechanical displacements, stresses, forces, or strains. The

capacitance of such a device is the ratio of change in electric charge to electric

potential, depending on the device geometry and the dielectric constant of the

materials. In simple devices, capacitance sensing is performed via charge or cur-

rent sensing, while in more refined approaches, the capacitive device forms part of

an oscillating circuit whose resonant frequency is sensed electronically in order to

measure capacitance.

• Resistive sensing is based on changes in electrical resistance of a current path

in response to mechanical stimuli. A simple example of such a device involves

changes in the electrical resistance of a soft, conductive channel or wire in response

to strain or changes in length. In a conductive channel, the resistance R increases

with length, l, and decreases with cross-section area, A, i.e. R = ρl/A, where ρ is
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volume resistivity, a material parameter.

• Piezoelectric sensors convert mechanical stresses, such as from strain, force, or

pressure, into changes in electrical signal.

• Accelerometers measure changes in acceleration, typically within three dimen-

sions (x, y, z).

Capacitive and resistive sensors can be designed to achieve high sensitivities and have

been integrated into wearable gloves and electronic skins for measuring strains, pressures,

shear deformations, or curvature [70, 71]. They are predominantly attractive for their

ability to integrate into soft, stretchable electronic form factors, although capacitive

sensors involve additional design considerations because their capacitance is affected by

the dielectric properties governing electric fields in their nearby environment, and not

merely by their geometric and mechanical state. [68].

Piezoelectric sensors and accelerometers can be worn directly on the skin to measure

responses of the skin and muscles. Harrison and colleagues employed small cantilevered

piezoelectric films to turn the hand and forearm into a digital input interface when em-

ployed with a wearable projector [72]. Shao et al. developed a 126-channel accelerometer

array, placed over the hand, to measure oscillations of the skin [73] during tactile contact

with objects. These two works were seminal pieces of inspiration for the smart bracelet

supporting transcription of tactile sign languages, presented in the third chapter.

2.5.3 Actuation

The contents of this section have been adapted from [68], © 2022 IEEE. Reprinted,

with permission, from:
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Mengjia Zhu, Shantonu Biswas, Stejara Iulia Dinulescu, Nikolas Kastor, Elliot

Wright Hawkes, Yon Visell, “Soft, Wearable Robotics and Haptics: Technologies,

Trends, and Emerging Applications,” Proceedings of the IEEE, vol. 110, no. 2, pp.

246-272, 2022.

Among the most intensively investigated technologies for soft robotics are actuators,

which convert supplied energy into mechanical work to produce substantial displace-

ments, forces, thermal, or other responses. Actuators that produce forces or displace-

ments also produce mechanical stresses and heat that must be carefully considered in re-

lation to ergonomic requirements, safety, and operating performance. Soft materials are

intrinsically insulating, which can result in more severe thermal management challenges

than are encountered in many conventional mechatronic systems, further amplifying the

challenge of designing actuators for many soft robotic systems.

Below are examples of commonly used actuation methods in haptic devices, many of

which can also be integrated into robotic devices (such as hand exoskeletons) [68]. Each

class of actuators can be driven to provide small skin displacements, such as skin stretch,

or larger forces applied to fingers or a limb.

• Vibrotactile actuators are small speaker-like devices that produce vibrations by

converting electrical signals into mechanical displacements. These devices include

eccentric rotating mass actuators (ERM), linear resonant actuators (LRA), piezo-

electric actuators, or electromagnetic actuators. These actuators are often used

in haptic devices, interfacing with the hand and arm, due to their low cost and

ease of integration. For comprehensive reviews of vibrotactile actuators and their

numerous applications, see [74, 75].

• Electrotactile actuators use electrical pulses to apply voltages to the skin, pro-

ducing complex, tactile sensations that are not mediated by a single mechanorecep-
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tor. Electrotactile stimulation can evoke the feeling of material properties (rough-

ness, softness, and temperature) [76, 77]. However, there are additional safety

considerations to be addressed when employing electrotactile actuators, as electro-

tactile stimulation may cause skin irritation, burns, electric shock, and discomfort

over time [76].

• Servo motors operate as closed-loop actuators that integrate a motor (linear, ro-

tary, stepper, etc.), a feedback sensor (such as an optical encoder), and a control

circuit to achieve high-precision position and torque control. DC motors are com-

monly used in wearable devices interfacing with the skin of the fingers, hand, and

arm [69, 78].

• Electroactive polymers actuators (EAPs) change size or shape in response to

applied electric fields. EAP actuators are most commonly used in tactile devices

that apply localized mechanical stimuli to the skin. These actuators produce low

forces (on the order of millinewtons, mN) and low displacements (on the order of

µm), but may be actuated at high frequencies (approaching 100 Hz). Piezoelectric

polymer EAPs, which have been used in wearable applications, produce relative

displacements when an electric field is applied. This occurs due to molecular dipole

alignment. For a more comprehensive review of EAPs in soft wearable robotic

applications, see [68].

• Dielectric elastomer actuators (DEAs) are a class of EAPs that can be de-

signed to be rapidly actuated through electrostatically generated Coulomb forces

between electrodes separated by elastic dielectric materials. Voltage requirements

are often on the order of several kilovolts (kV) or more. This can create design

challenges, since electrical discharge through the air or other materials is possible

at distances of a few millimeters. For the same reason, safety requirements, such
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as current limiting, insulator design, and suitable grounding strategies, are often

required. Risks are higher if the electrically active regions of such devices could,

through failure or misuse, produce current paths that traverse the torso, since even

electrical currents less than one milliampere (mA) across the heart create risks of

cardiac fibrillation. This can be avoided by confining the electrically active region

of a device to a single limb, for example, and avoiding potential current paths to

ground through other body regions. For a more comprehensive review of DEAs in

soft wearable robotic applications, see [68].

• Shape memory alloy (SMA) actuators have been used in many robotic sys-

tems, including soft, wearable devices. SMA actuators are engineered alloys, such

as NiTi, that undergo thermally-controlled phase changes between two different

atomic-ordered (crystalline) structures. These changes produce macroscopic actu-

ation in the form of displacement, shape, or force. Because actuation is achieved

without any need for motors, mechanical actuators, or fluidic sources, SMA actu-

ation systems can be designed to be compact, quiet, and lightweight. The phase

changes that produce SMA actuation are generated via active heating and, less

often, through active cooling. Because these materials are conductors, electrical

power, from infrastructure or batteries, provides a convenient method for dynamic

heat delivery, although other heat sources are also used. These advantages also im-

ply performance drawbacks that affect SMA actuation, and that also affect other

thermally-dependent actuation methods (such as nylon filament actuators, for ex-

ample). While SMA actuators can be rapidly driven to their contracted phase, the

speed at which these transitions can be reversed is limited by heat transport out of

the SMA structure, typically via convection, radiation (when surrounded by air),

or conduction (if encapsulated in another liquid or solid medium). The rate at
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which cooling can be achieved depends on the temperature of the ambient medium

and the size and geometry of the SMA actuators. Because SMA structures must

often be massive enough to produce sufficient force, in many cases, this reversal

of contraction requires more than one second. Thus, it is challenging to employ

SMA actuation in applications that require high mechanical power to be produced,

such as in force assistance or force feedback applications. In addition, due to the

thermal mode of actuation, care must be taken in using SMA actuators close to the

skin. For a more comprehensive review of SMAs and their use in wearable haptic

and robotic systems, see [68].

• Cable-driven actuation utilizes cables – filaments, wires, or tendons – to supply

forces or displacements, often via remotely positioned motors. Cables can often be

selected to be thin and flexible and are thus suitable for integration in many soft,

wearable devices. The forces and displacements, or mechanical work, that can be

produced using such actuation schemes depend on the motor characteristics and

routing details, but are often large when compared with other soft actuator tech-

nologies. Because of their capabilities and their use of standard electromagnetic

motors, such actuation methods have been used in many wearable robotic sys-

tems, including devices for rehabilitation, haptics, or other applications. In these

applications, they may supply mechanical work needed for haptic force feedback,

force assistance, tactile cues such as compression or skin stretch, or for driving a

supernumerary limb. For an example of a cable-driven actuation system that elic-

its tactile sensations of virtual objects by impeding motion, see [79]. For a more

comprehensive review of cable-driven actuation methods, see [68].

• Fluidic actuators use encapsulated gaseous or liquid fluid media to supply me-

chanical forces or displacements, and are among the most widely used in soft
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robotics. One reason for this is that fluid volumes or channels can often be in-

tegrated within soft polymer materials that can be efficiently fabricated, yielding

intrinsically compliant actuated structures. Fluidic actuators can produce forces,

displacements, or work densities that span a large range, depending on their de-

sign and operating range of fluid volumetric displacement or fluid pressure. Indeed,

conventional fluidic actuators include high-force industrial hydraulics and miniature

devices for displacing biological fluids. Forces that can be produced depend on the

device geometry and configuration, but typically increase monotonically with oper-

ating pressures and with the characteristic cross-sectional area of the fluid channel.

For an example of a soft, fluidic muscle actuator that can lift fairly heavy loads

or provide compression stimulation to the forearm when integrated into a sleeve

form factor, see [80]. For a more comprehensive review of fluidic actuators for soft

robotic and haptic wearable applications, see [68].

The above examples are non-exhaustive, but nonetheless display the breadth of oppor-

tunity in providing tactile or kinesthetic stimulation via a haptic device. When designing

a haptic device that utilizes methods of actuation, considerations must be made to the

type of actuator that would best suit the needs of the system. For example, vibrotactile

actuators are cheap, easy to use, and safer to the body than electrotactile actuators,

which have additional safety considerations when driving the electrical pulses that stim-

ulate receptors in the skin [68]. Alternatively, the type of actuator may be chosen based

on the amount of force needed to be supplied to the body – cable-driven devices can

provide larger forces and displacements than fluidic actuators or servo motors [68].

Another class of haptic devices that should be mentioned here includes force-feedback

devices, such as the Omega (by Force Dimension), Novint Falcon [81], Delta [82], and

PHANTOM [83]. When holding the end effector, which resembles a handle and knob
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that is gripped by the hand, these desktop devices can sense and drive the position,

orientation, and acceleration of hand motion via encoders and actuators across six de-

grees of freedom. An emerging area of interest with these devices includes developing

virtual haptic environments, where one can feel the impact of bumping into a virtual

wall [84]. These environments employ an active touch paradigm, where one explores

the virtual space via the manipulandum and experiences changes in stiffness, accelera-

tion, and damping forces, which give the illusion of interacting with real objects. Such

force-feedback devices have also been used to passively guide users through mazes [85] or

investigate haptic perception of virtual objects under guided conditions (recording and

playback of active exploratory trajectories) [60].

2.5.4 Wearable Hand Exoskeletons

Wearable hand exoskeletons and robotic gloves have been recently developed for sev-

eral applications, such as motor rehabilitation, assisting with tasks, and providing haptic

feedback to the hand. Many examples of mechatronic exoskeletons that can actuate

movements of the fingers have emerged over the recent years, with technologies ranging

from high-impedance, rigid architectures that can produce high forces to the fingers (i.e.,

20-30 N) to soft, compliant systems that address wearable needs such as portability and

conformability to the body. For more comprehensive reviews of hand exoskeletons, for

applications such as rehabilitation and assistance, see [10, 86, 87].

Li et al. categorize hand exoskeletons in three broad groups, based on their trans-

mission methods: rigid (i.e., linkages, gears, etc.), flexible (i.e., springs, cables, tendons,

etc.), and soft (i.e., fabric-based or fiber-based pneumatic actuation, soft variable stiffness

actuators, etc.) [10]. While rigid transmission exoskeletons are valued for their abilities

to generate high forces, they must be properly aligned with the kinematics of the body to
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prevent joint misalignment or discomfort during use. Soft transmission exoskeletons are

valued for their conformability and compliance, and often result in devices with lighter

weights and lower costs. An overview of hand exoskeletons, reviewed by Li et al. and

grouped by transmission type, is reproduced from their review paper [10] in Table 2.2.

Such exoskeletons can additionally be categorized based on their afforded interactions

with the user. Li et al [10] describe two categories of interactions, based on algorithmic

control of the exoskeleton. Active human-robot interaction is where robot feedback is

adaptive to the user’s hand movements, providing resistive or assistive feedback based

on how the user moves their hand, whereas passive human-robot interaction is where the

robot drives movements of the user’s fingers without the user’s ability to resist or change

the trajectory. Passive human-robot control algorithms utilize methods such as open-

loop control, closed loop control (i.e., proportional-integral-derivative control), impedance

control, or admittance control. In contrast, active human-robot control algorithms utilize

either mechanical control, relying on mechanical sensing methodologies (such as force

or position sensing, optical tracking, etc.), or bioelectric control strategies, relying on

biosensing methods (such as surface electromyography, electroencephalography, etc.). For

a more comprehensive review of control methodologies for active or passive robot-human

control, see [10, 142].

2.5.5 Additional Considerations for Assistive Haptic Devices

Designing assistive haptic systems necessitates nuanced and ethical approaches that

prioritizes the specific physiological and cognitive needs of the end user. A user-centric

design approach, proposed by Lei et al., describes three critical aspects of designing

assistive haptic devices for the visually impaired [143]:

• Participatory design prioritizes a collaborative approach between end user and
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Table 2.2: Mechanical Design Features of Some Typical Hand Exoskeletons, repro-
duced from [10] © 2024 IEEE.

Author Fingers Transmission Placement Actuation Force Weight App.
Schabowsky [88] 5 Linkage Dorsal DC N/A N/A Rehab.
Ho [89] 5 Linkage Dorsal Linear DC N/A 500 g Rehab.
Ueki [90] 5 Linkage Dorsal DC N/A N/A Rehab.
Ben-Tzvi [91] 5 Linkage Dorsal DC 20 N 275 g Haptic
Leonardis [92] 5 Linkage Dorsal DC 30 N N/A Rehab.
Jo [93] 5 Linkage Dorsal SEA 3.5 N 298 g Haptic
Sarac [94] 4 (I-L) Linkage Dorsal Linear DC 1.485 Nm 300 g Assist.
Gabardi [95] 1 (T) Linkage Dorsal DC N/A N/A Rehab.
Hong [96] 1 (I) Linkage Lateral DC 10 N 172 g Assist.
Jo [97] 4 (I-L) Linkage Dorsal Linear DC N/A 156 g Rehab.
Li [98] 1 (T) Linkage Dorsal DC 12 N 206 g Rehab.
Li [99] 2 (T, I) Linkage Dorsal DC 12.7 N 128 g Assist.
Yang [100] 5 Linkage Dorsal DC 1.498 Nm 863 g Rehab.
Xu [101] 5 Linkage Lateral SEA 10 N 383 g Assist.
Lai [102] 5 Linkage Palmar DC 7.47 N 356 g Rehab.
Michikawa [103] 5 Linkage Dorsal Pneumatic 8.0 N 300 g Haptic
Liang [104] 5 Linkage Dorsal Linear DC 10 N 376.5 g Rehab.
Dragusanu [105] 5 Flexible Dorsal Linear DC N/A N/A Assist.
Li [106] 2 (T, I) Flexible Dorsal DC N/A 250 g Rehab.
Chiri [107] 1 (I) Flexible Dorsal DC N/A 250 g Rehab.
Jones [108] 1 (I) Flexible Dorsal DC 20 N N/A Rehab.
Ma [109] 2 (I, M) Flexible Lateral DC 10 N 180 g Haptic
Cempini [110] 2 (T, I) Flexible Dorsal DC N/A 270 g Rehab.
Agarwal [111] 1 (I) Flexible Dorsal SEA 0.3 Nm 80 g Rehab.
Popov [112] 4 (T-R) Flexible Dorsal DC 16 N 250 g Assist.
Rose [113] 4 (T-R) Flexible Dorsal DC 40 N 220 g Assist.
Kang [114] 2 (I, M) Flexible Dorsal DC 10.3 N 104 g Assist.
Pu [115] 5 Flexible Dorsal DC N/A 900 g Assist.
Sun [116] 1 (I) Flexible Dorsal DC N/A N/A Rehab.
Butzer [117] 5 Flexible Dorsal DC 6.4 N 148 g Assist.
Tran [118] 3 (T-M) Flexible Dorsal DC 6.3 N 131 g Assist.
Chen [119] 5 Flexible Dorsal SEA 14 N 200 g Rehab.
Kim [120] 5 Flexible Dorsal DC N/A N/A Assist.
Sui [121] 5 Flexible Dorsal SMA 14.3 N 490 g Rehab.
Li [122] 2 (M, R) Flexible Dorsal Linear DC 10.0 N N/A Assist.
Daemi [123] 2 (T, I) Flexible Dorsal DC N/A N/A Rehab.
Tadano [124] 5 Soft Dorsal PAM 0.5 Nm 550 g Assist.
Polygerinos [125] 5 Soft Dorsal Pneumatic N/A 285 g Rehab.
Zhao [126] 5 Soft Dorsal Pneumatic 10 N N/A Rehab.
Yap [127] 5 Soft Dorsal Pneumatic 11.3 N 99 g Rehab.
Yun [128] 3 (T-M) Soft Dorsal Pneumatic 22.35 N 350 g Rehab.
Wang [129] 5 Soft Dorsal Pneumatic 1.6 N N/A Rehab.
Heung [130] 5 Soft Dorsal Pneumatic N/A 207 g Assist.
Takahashi [131] 5 Soft Palmar Pneumatic 8 N N/A Assist.
Wang [132] 3 (T-M) Soft Dorsal Pneumatic 4.09 N 93.7 g Haptic
Ge [133] 5 Soft Dorsal Pneumatic 47.9 N 128 g Assist.
Kim [134] 2 (I, M) Soft Dorsal Pneumatic 11.76 N 71.2 g Rehab.
Feng [135] 5 Soft Dorsal Pneumatic N/A 569 g Assist.
Li [136] 5 Soft Dorsal Pneumatic N/A 87 g Rehab.
Jadhav [137] 5 Soft Dorsal Pneumatic 7 N N/A Haptic
Gerez [138] 5 Soft Palmar Pneumatic N/A 120 g Assist.
Lai [139] 5 Soft Dorsal Pneumatic 13.57 N 107 g Assist.
Wang [140] 5 Soft Palmar Pneumatic 11.95 N 44.03 g Haptic
Liu [141] 5 Soft Dorsal Pneumatic 7.74 N N/A Rehab.
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research development teams, where explicit and implicit knowledge of end users are

valued and determined rather than assumed.

• Inclusive design minimizes unconscious exclusion of impaired users during the

consideration of mainstream or able-bodied users.

• Emotional design prioritizes the emotional needs of the user alongside basic tech-

nological requirements. For example, aspects of social inclusion, personal safety,

and feelings of agency or vulnerability must be additionally addressed.

Assistive haptic devices may be designed to facilitate sensory substitution, where

environmental data from a missing modality (i.e., vision or auditory information) is re-

encoded into tactile or kinesthetic cues [143]. Assistive haptic devices may also provide

motor assistance to augment force production when biological capabilities are compro-

mised [92, 144, 117, 145, 86, 87]. Examples of assistive haptic devices that have motivated

the research contributions in this dissertation are reviewed below, explicitly chosen due

to their user-centric design approaches.

The Rice Haptic Rocker administers skin stretch feedback on the upper arm to convey

kinesthetic feedback from the opening and closing of a prosthetic hand [78, 146, 147, 148].

Skin stretch stimulation has been shown to provide feedback that resembles a kinesthetic,

or movement, cue (i.e., a tugging sensation on the skin that has magnitude and direction).

The Rice Haptic Rocker employs a servo motor and custom hemisphere-shaped end

effector that stretches the skin of the upper arm, which is mapped to the opening/closing

of a prosthetic hand (Pisa/IIT SoftHand). By adding tactile feedback from the prosthetic

hand, re-routed to the upper arm via this device, usage of the prosthetic hand improved

in user studies. This example further illustrates the intricate couplings of sensation and

action, where kinesthetic cues can be delivered via tactile sensation.
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The HaptiComm is a hardware and software platform for Deafblind users, designed

to reproduce the sensations generated during communication via tactile sign languages

[149, 150]. The HaptiComm employs an array of linear actuators to provide tactile and

kinesthetic sensations to the skin and is able to adaptively present most tactile signs

across tactile sign languages, used by those who are Deafblind for communication. This

work provides a critical example of an output device enabling shared digital communi-

cation in the tactile domain.

In the next chapter, I present research that addresses an additional barrier for digital

tactile communication for those who are Deafblind – the lack of digital transcription

methodologies for tactile sign languages. We take inspiration from the HaptiComm’s ac-

cessible design principles and have openly collaborated with Deafblind haptics researcher

Sven Topp, anthropologist and linguist Jeraldine Milroy, who focuses on Deafblind com-

munication, and Dr. Basil Duvernoy, who led the device development of the HaptiComm.
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Chapter 3

A Smart Bracelet Supporting Tactile
Communication and Interaction

The contents of this chapter contribute towards the goal of enabling an existing mode of

communication, shared touch communication via tactile sign languages, to interface with

digital technologies for supporting social interactions. Despite significant advancements

in the digital transcription and translation of verbal languages, a profound technological

gap remains in the tactile domain. Currently, no established methodology exists for the

digital capture of tactile sign language. To address this limitation, this chapter intro-

duces an assistive haptic wearable designed to sense and translate touch interactions into

semantically classifiable data. Such wearable sensing technologies represent a promising

digital haptic future, where the skin becomes a digital input interface for interpreting

remote touch interactions and supporting digital tactile communication.

The contents of this chapter have been adapted from [151], © 2022 IEEE. Reprinted,

with permission, from:

Stejara Dinulescu, Neeli Tummala, Greg Reardon, Bharat Dandu, Dustin Goetz,

Sven Topp, Yon Visell, “A Smart Bracelet Supporting Tactile Communication and

Interaction,” 2022 IEEE Haptics Symposium (HAPTICS), 2022.
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Abstract

The sense of touch can convey semantic and emotional information in social or

computer-mediated interactions. Touch plays an essential role in communication with

individuals affected by multiple sensory loss, many of whom use modes of touch commu-

nication that can be broadly described as tactile sign languages. Few technologies exist

today to support such interactions. Here, we present a smart bracelet for facilitating tac-

tile communication and interaction. The smart bracelet captures and analyzes vibrations

that are elicited in the skin via touch gestures performed on the hand. We demonstrate

the utility of this system for supporting communication via the Deafblind Manual al-

phabet, which is a tactile sign language. This smart bracelet can classify signed letters

with greater than 90% per-letter accuracy. These results show how existing modes of

tactile communication can be integrated with information technologies. This work may

furnish new paradigms for human-computer interaction via self- and interpersonal-touch

contact.

3.1 Introduction

The skin is a highly expressive medium used for perceiving and interacting with the

world, including communication through touch. Indeed, touch interaction can convey

significant meaning, intent, and sentiment. The diverse repertoire of touch interactions

encountered in everyday settings, including interpersonal touch, contrasts starkly with

the limited communicative and expressive range of touch found in most computing sys-

tems today. In some interpersonal interactions, including those involving individuals

with multiple sensory impairments such as deafblindness, touch is the principal medium

of communication [152, 153, 154]. Several languages, organizations, and educational sys-
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tems exist to support the needs of individuals with deafblindness, but there exists a lack

of accessibility for digital communication, which is crucial to address due to its ubiquity.

However, current interaction paradigms primarily lie in the audiovisual domains. New

technologies are needed that can enable individuals with all ranges of sensory abilities to

engage with information technologies and digital resources.

Here, we present a smart bracelet for supporting tactile communication and inter-

action (Fig. 3.1A). This system captures vibration signals elicited in the skin by touch

contact gestures performed on the hand; these gestures could be initiated by the wearer

or by another person. The captured vibrations are analyzed using signal processing and

machine learning methods that can recognize, from a designated lexicon, which gestures

are performed (Fig. 3.1B1). We demonstrate the ability of this system to capture and

classify touch gestures from the Deafblind Manual alphabet (Fig. 3.1C), a tactile sign

language (TSL) used by individuals in Australia who are deafblind, in order to support

digital tactile communication.

While several researchers have investigated output technologies for reproducing TSL

[155, 156, 150, 157], the present work is, to the best of the authors’ knowledge, the

first input device specifically directed at supporting digital TSL communication. Such a

device could address important unmet needs, such as those of transcribing information

conveyed via TSL communications in court proceedings, emergencies, policy forums,

scholarly meetings, or moments of personal or historical significance, especially where

transcripts might otherwise be unavailable. Our TSL input device enables the letter-by-

letter translation of touch gestures performed on the hand. One might, for example, use

the palm of one’s own hand to enter text, take notes, or send a text message normally

requiring a standard phone interface (Fig. 3.1B2). Such a system could assist individuals

with limited vision, for whom usage of mobile devices can be challenging.

In other applications, smart bracelets like the one presented here could also support
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Figure 3.1: Overview of Smart Bracelet System for Classifying Tactile Sign
Language: A) Wrist-worn acoustic sensing interface to encode and detect touch
gestures on the hand. B) System overview and envisioned applications for detection
of touch gestures on the skin. B1) Touch signals signed on the palm are transmitted
to a PC via serial communication with the microcontroller. The data is processed and
features are extracted to be used for classification. B2) Wearable interface enables
self-signing on the palm of the hand to encode semantic meaning for note-taking
purposes, sending a remote text message via touch, or transcription/record-keeping
in the tactile domain. B3) Wearable interface translates interpersonal touch gestures
as they are being signed. This could facilitate learning of TSL gestures, transcription
of conversations in the tactile domain, and translation of TSL in real-time when the
wearer is uncertain of the semantic mappings of the alphabet. C) The 26 letters of
the Deafblind Manual alphabet.

the training of TSL interpreters. When combined with an output device capable of repro-

ducing TSL gestures, such a smart bracelet could provide a means of TSL communication

over the internet, including remote TSL interpretation, improving access to such services

by many individuals. When combined with computer translation algorithms, such a

smart bracelet could also facilitate conversation between individuals who communicate

via different languages, including deafblind individuals who may not use the same TSL

(Fig. 3.1B3). Indeed, a diverse variety of TSLs are used around the world [150].
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3.1.1 Deafblindness and Tactile Communication

Research and development in automatic speech recognition and language processing

over the past 50 years has yielded algorithms and systems for capturing, computation-

ally understanding, and interacting with computers via speech. More recently, analogous

methods to speech recognition have been used to support computer-based communication

by detecting hand poses during visual sign languages, such as American Sign Language

[158]. To date, little attention has been given to achieving similar goals in tactile com-

munication, particularly TSLs.

A recent report by the World Federation of the Deafblind indicates that between

0.2-2% of people are impacted by sensory impairment of both vision and hearing. Deaf-

blind individuals use a variety of languages for tactile communication, depending on

their region, community, and individual factors, such as the onset and severity of sen-

sory impairment. Many TSLs exist today supporting critical daily activities and social

interaction [149]; in addition, many of the TSLs are letter-based semantic touch commu-

nication methods. Here, we demonstrate a system for supporting TSL communication,

specifically utilizing the Deafblind Manual alphabet, which involves the performance of

touch gestures, including tapping, lightly pinching, and sliding on the surface of the

hand. Each of the 26 gesture patterns corresponds to a letter in the English alphabet

[150] (Fig. 3.1C).

Other technologies for supporting communication by individuals with visual and audi-

tory sensory loss include Braille interfaces, emerging methods for tactile graphic displays,

and more commonly available screen-based accessibility features for those with low vision.

However, such methods do not support the communication needs of all individuals who

are deafblind. More recently, researchers have engineered systems to translate text or

speech into tactile patterns [155, 156], including TSL gestures [150, 149, 159]. However,
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the authors are not aware of any prior efforts to facilitate or develop a computational

encoding of tactile input. A system such as the one presented here could support TSL

communication by enabling transcription, analysis, or reproduction of TSL interactions.

3.1.2 Capturing Touch Gestures via Vibration Signatures

Touch interactions with the skin elicit vibrations that travel far from the point of

contact, encoding information about the contact location and nature of the gesture

[160, 73, 161, 162, 163]. This physical process makes it feasible to collect information

about tactile interactions using vibration sensors that are positioned remotely from the

contact location. Human-computer interaction research has utilized such processes to

provide means of computational input via contact with the skin, as in the Skinput device

[72]. Many other sensing methods can be used for capturing information from skin con-

tact, including capacitive, electromyography, ultrasound, force, and other sensing tech-

niques [164, 165, 166, 167]. However, the propensity of touch-elicited vibrations to travel

great distances in the skin and the efficiency with which such signals can be captured

electronically via low-cost, readily available sensors makes this approach particularly at-

tractive for interactive device engineering, especially in settings where it is preferable to

leave the hand unencumbered.

3.1.3 Summary of Contributions

We present a smart wrist wearable for capturing and recognizing touch gestures that

occur on the hand during skin-to-skin contact. To inform the design of this smart bracelet,

including the number and placement of sensors, we captured the signal profiles of a subset

of letters of the Deafblind Manual alphabet with high spatial resolution using a sensor

array encompassing the whole hand. By analyzing this data, we identified that even
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letters that are highly similar to one another in tactile sign contain unique signal profiles,

even when measured at locations removed from the gesture contact. Informed by this

finding, we designed a compact, wrist-worn device to capture these propagating signals

without hindering natural manual movements and tactile interactions. To demonstrate

the utility of this system for tactile communication, we illustrate the capacity of our

device to classify 26 different touch gestures—in this case, the letters of the Deafblind

Manual alphabet. We find that the device can accurately discriminate between different

touched contact locations (e.g. digit II, digit V, or palm) and between different types

of touch contact (e.g. slides, impulses, pinches, or squeezes). We show using simple,

supervised machine learning methods that such a device is able to identify these 26

different gestures with above 90% accuracy, even when trained on a small dataset.

3.2 Whole-Hand Sensing

3.2.1 Materials and Methods

In a first experiment, we surveyed the whole-hand mechanical responses produced

during the signing of a subset of letters from the Deafblind Manual alphabet. We used

two 42-channel, 3-axis accelerometer arrays (Model LI3DSH, ST Microelectronics) [73].

We captured data at a rate of 1300 Hz via a field-programmable gate array (FPGA)

based multichannel data acquisition board, with firmware on the FPGA and software on

a Windows PC. We affixed each accelerometer in the array to the skin via doubled-sided

adhesive, with one array attached to the dorsal side of the hand and the other to the

palmar (Fig. 3.2B).

We captured the skin acceleration for 10 trials of 9 letters of the Deafblind Manual

alphabet (A, D, E, F, I, M, N, O, U), signed on the palmar side of the hand through
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interpersonal touch (i.e one person signs on the hand of another person). Letters were

chosen for high frequency of use (i.e. vowels) and letter similarity (i.e. M and N, D and

E). Because the palmar surface of the hand was also covered with sensors, we slightly

shifted the signed location of M and N to avoid interfering with the sensors. The palm was

held facing upwards, with the forearm stabilized against the edge of a table at chest-level

to minimize noise from spurious hand movements. The data consisted of ten, 84-channel

3-axis acceleration signals for each letter. The data was de-meaned and bandpass filtered,

then compressed to a single axis by computing the magnitude of the vector. We then

computed the RMS of the acceleration magnitude.

To determine the spatial distribution of acceleration energy for each gesture class,

we compute root mean square (RMS) acceleration over all trials. We interpolated these

data using coordinates obtained from an anatomically plausible 3D hand model using

squared distance weighting. We analyzed the differences between letters using this data

and also computed the mean pairwise absolute correlation (Pearson’s r) between the

RMS acceleration of all trials and of all letters.

3.2.2 Results

Each tactile gesture class yielded distributions of RMS acceleration that reflected the

contact location and the nature of the gesture (single touch - A, E, I, O, U and multi-

touch - D, F, M, N) (Fig. 3.2A). For example, the peak RMS acceleration of the letter E

was localized to the point of contact. Multi-touch gestures tended to deliver high RMS

acceleration (relative to the peak RMS acceleration for that gesture) to locations far from

the point of contact, reflecting that the contact location on the hand was much larger

(2-3 times the size of the contact for single touch gestures). Furthermore, all gestures

delivered energy to the wrist; the amount of RMS acceleration delivered at the wrist was
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a function of the distance from the contact location (e.g. the contact location for E is

much further from the wrist than for M/N).

The tactile gestures elicited vibration patterns that were consistent across gesture

instances (Fig. 3.2B), and were qualitatively distinct from the other gestures. Consistent

with the observations of the whole-hand patterns (Fig. 3.2A), some gestures produced

similar distributions of RMS acceleration and thereby high correlations (i.e. M/N and

D/E/F). For the subset of data captured by the ten accelerometers located on the wrist,

averaged within-gesture mean absolute correlations of the RMS acceleration (0.94) were

substantially larger than across-gesture correlations (0.48). These results suggested that

acceleration information captured at the wrist could be used to classify varied tactile

gestures.

Figure 3.2: Whole Hand Sensing: A) Measured whole-hand mechanical responses
for a subset of the Deafblind Manual alphabet. We found that the contact is not
only reflected in skin responses at the touched location, but also that this energy
propagated outwards to regions on the skin, on both sides of the hand, far from
the point of contact. B) We found that the tactile gestures produced consistent,
repeatable patterns of RMS acceleration across the hand (mean absolute correlation
> 0.95 within trials of the same gesture), while yielding very low correlations when
comparing across trials of different gestures.
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3.3 Wrist-Worn Interface

Informed by the preceding findings, including the extent to which similar information

could be captured via sensors at locations removed from the point of contact with the

hand, we designed a smart bracelet using a minimal arrangement of sensors located at

the wrist. We evaluated the utility of this device for classifying touch contact gestures

performed on the hand, in the form of TSL gestures.

3.3.1 Materials and Methods

3.3.1.1 Device Design

The device was composed of an ABS shell enclosing two Adafruit Feather M0 WiFi

microcontrollers. It employed a total of four 3-axis analog accelerometers (Analog Devices

ADXL335) (Fig. 3.1A). Each sensor was adhered to the skin. Pairs of sensors were

positioned 25 mm apart on both the palmar and dorsal sides of the wrist (Fig. 3.3A), at

locations determined from the preceding experiment. The casing for the electronics was

designed to avoid mechanically disturbing the sensing elements. The data was captured

at a sampling frequency of 1250 Hz and at a resolution of 12 bits using the onboard ADC

of the microcontroller.

3.3.1.2 Collection of TSL Data

We collected accelerometer measurements during TSL touch contact in each of two

conditions: one in which the signer performed gestures on their own hand (self-sign, or

SS, depicted in Fig. 3.1B2) and one in which the signer contacts another person’s hand

(interpersonal-sign, or IS, depicted in Fig. 3.1B3). The palmar surface of the hand, held

outstretched and flat, was facing upwards throughout data collection, with the dorsal

side of the forearm stabilized against the edge of a table to minimize disturbance from
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unintentional limb movements. In both conditions, we recorded 40 trials of each of the

26 letters.

3.3.1.3 Signal Processing and Feature Extraction

The data for each letter were segmented, lowpass filtered at 250 Hz, and compressed

from 3 axes to 1 axis using principal component analysis (PCA). After compression, the

data for each trial was normalized independently,

yc,n =
yc,n

max{c,n} |yc,n|
(3.1)

where n is the sample number and c is the channel number. This preserved the inter-

channel differences between accelerometers, while also reducing inter-trial variability of

the same gesture and improving the consistency of the feature estimates across gestures.

For every trial, we computed time-domain, frequency-domain, and spectro-temporal

features for all 4 channels of each analyzed segment, yielding 96 features per trial. The

time-domain features were peak-to-peak amplitude

PTPc = |max
n

yc,n −min
n

yc,n| (3.2)

and mean absolute deviation

MADc =
1

N

N∑
n=1

|yc,n − ȳc| (3.3)

where ȳc is the mean of signal yc,n. This yielded a total of 8 time-domain features per

segment.

For the second set of features, we computed the Discrete Fourier Transform (DFT) of

each of the normalized signals, Yc,k = F{yc,n}, where F is the DFT. From the frequency-

45



A Smart Bracelet Supporting Tactile Communication and Interaction Chapter 3

domain representation of the signal, we computed the spectral centroid

SCc =

∑N
k=1 fk|Yc,k|∑N
k=1 |Yc,k|

(3.4)

where fk is the center frequency of bin k and |Yc,k| is the magnitude of bin k for channel c.

In addition, we computed the center frequency of the DFT bin with the largest magnitude

for each channel c,

Fc = fk∗ s.t. k∗ = argmax
k

|Yc,k| (3.5)

We computed the mean and standard deviation of the DFT bins over a 50 Hz band-

width. Let the bandwidth bi ∈ {[0 50], [50 100], [100 150], [150 200], [200 250]} for

i = 1, ..., 5. We associate the set of bins Ki whose center frequencies lie within bandwidth

bi and compute:

µc,bi =
1

|Ki|
∑
k∈Ki

|Yc,k| , (3.6)

σc,bi =

√
1

|Ki|
∑
k∈Ki

(|Yc,k| − µc,bi)
2 (3.7)

where |Ki| is the size of set Ki. This produced 40 features (2 measures × 5 bandwidths

× 4 channels), for a total of 48 frequency-domain features.

Finally, we composed a set of spectro-temporal features to capture temporal variations

in the spectral envelope of the signal. We computed the Short-Time Fourier Transform

(STFT) of the signals (window size K=256 samples, 50% overlap, Hanning window),

yielding a matrix of Fourier coefficients (M ×K) for each channel c where each of the M

rows is the DFT of the signal over different times. We computed the mean and standard

deviation of the measure µc,bi (see Eq. 3.6) for each row of the Fourier matrix. Let µc,bi,m

be the mean of bandwidth bi for channel c for row m. We compute
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µSTFT
c,bi

=
1

M

M∑
m=1

µc,bi,m , (3.8)

σSTFT
c,bi

=

√√√√ 1

M

M∑
m=1

(µc,bi,m − µSTFT
c,bi

)2 (3.9)

This yielded another set of 40 features (2 measures × 5 bandwidths × 4 channels). All

features (temporal, frequency, and spectro-temporal) were concatenated to form a 96-

dimensional vector, used to train the machine learning model and classify the 26 different

tactile gestures.

3.3.1.4 TSL Classification

To distinguish the 26 letters of the Deafblind Manual alphabet via our smart bracelet,

we pass computed features into three common supervised machine learning classification

models: a support vector machine with a linear kernel (SVM), logistic regression with

PCA (LR), and a random forest model (RF). To minimize bias during training and

classification, we employed a 10-fold cross-validation procedure with a 90-10 train-test

split. During each classification run, we computed the mean and variance of each feature

in the training data and used these sample moments to whiten both the training and

testing data. We performed classification for each mechanical dataset separately (SS and

IS conditions, 40 trials per letter) and on both datasets (combined condition, 80 trials

per letter).
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3.3.2 Results and Discussion

3.3.2.1 Mechanical Signal Profiles

We found that the measured signals (Fig. 3.3B) yielded noticeably different time-

domain acceleration responses, which became more prominent when we grouped the

gestures by palm taps (Fig. 3.3B1), finger taps (Fig. 3.3B2), slides (Fig. 3.3B3), and

pinches/grabs (Fig. 3.3B4). We found that tapping gestures yielded transient signals

that decayed rapidly, while slides and pinches/grabs decayed at much slower rates in

the skin. This likely reflects the variation in contact conditions between the gestures,

for which slides and pinches/grabs occur at much longer time scales. We found that

finger taps delivered less energy to the wrist when compared to palm taps, reflecting that

the properties of the skin, which is a highly damped medium, play a role in encoding

the distance from the contact location to the wrist, thereby differentiating the measured

tactile gestures. Finally, we found that sliding gestures, regardless of contact location,

tended to deliver less energy to the wrist, but that this energy was nonetheless measurable

and informative.

3.3.2.2 TSL Classification

When utilizing data from all four sensors, the SVM classifier consistently outper-

formed the RF and LR classifiers in the SS and IS conditions, with average accuracies

greater than 93% across cross-validation folds; in the combined condition, the RF clas-

sifier slightly outperformed the others at close to 90% average accuracy across folds

(Table 3.1). High performance using SVM is promising for real-time applications, as a

trained SVM model can easily be implemented on a micro-controller without the need for

additional computational power. In the following analysis, we focus on the performance

of the SVM model.
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Figure 3.3: Four-Channel Sensing: A) Wrist-wearable device using four accelerom-
eters affixed to the skin to capture mechanical vibrations produced during tactile
fingerspelling. B) Measured accelerometer signals produced during a single trial of
each letter of Deafblind Manual alphabet. Palm tap and finger tap gestures (B1 and
B2, respectively) produced transients that rapidly decayed. Finger taps tended to
deliver less energy to the wrist when compared to palm taps, reflecting the difference
in distance between the point of contact and the sensor. Sliding or pinching/grabbing
gestures (B3 and B4, respectively) produced signals that tended to decay at a much
slower rate on the skin, reflecting that the gesture occurs over a longer time scale than
the tap gestures.

We further analyzed classification performance using different subsets of sensor chan-

nels (Fig. 3.3A) to determine the minimal number of sensing element required for robust

classification. The subsets considered include all four channels (α, β, γ, δ), two channels

on the palmar side of the wrist (α, β), two channels on the dorsal side of the wrist (γ, δ),

one channel on the palmar side of the wrist (α), and one channel on the dorsal side of

the wrist (γ). Table 3.2 summarizes the average classification accuracies across cross-

validation folds for the SS, IS, and combined datasets. The use of all four channels yields

the highest classification accuracies, but the employment of just two sensors maintains

robust performance (above 85% in the single subject conditions), indicating that they
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Classifier
Dataset SVM RF LR

SS 93.9 88.7 90.6
IS 93.7 92.2 91.0

Combined 86.3 89.4 76.1

Table 3.1: Average Classification Accuracy (%) Across Datasets and Models for 4-Sen-
sor Configuration

Sensor Configuration
Dataset α, β, γ, δ α, β γ, δ α, γ α γ

SS 93.9 86.5 86.8 87.1 76.3 73.8
IS 93.7 88.3 85.4 87.1 75.0 75.4

Combined 86.3 76.8 75.6 78.4 61.6 64.3

Table 3.2: Average Classification Accuracy (%) Across Datasets and Sensor Configu-
rations for SVM Model

are sufficient for detecting various sets of tactile gestures. Mounting the sensors on the

palmar or dorsal side of the wrist does not significantly change classification accuracies.

On the other hand, classification accuracy drops significantly when using only one sensor,

indicating that inter-channel differences encode relevant classification information that

cannot be discarded. Close inspection of the signals shown in Fig. 3.3B shows differences

in the phase and shape of signals between channels, most evident in the sliding gestures.

We found that the most commonly misclassified letters were L and N, which is ex-

pected due to the similarity of the tactile gestures; N is signed with two fingers in the

center of the palm whereas L is signed with one finger in the same location (Fig. 3.5).

Additionally, R and T are commonly mislabeled, as they are both taps occuring near the

same palmar location: T with one finger and R with two fingers. Other commonly mis-

classified letter pairs include G and X, and W and Z. The former are gestures performed

with the signer’s whole hand, producing high acceleration signals at the palm; the latter

produce similar high energy signals, but occur at different locations on the hand.

We also examined classification accuracy within each gesture grouping shown in
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Figure 3.4: Classification Results: Confusion matrix for the linear SVM Classifier
on the combined dataset, with per-letter accuracies along the diagonal. On the off–
diagonal, type I (false positives) read column-wise and type II (false negatives) read
row-wise. Commonly misclassified letter pairs can often be grouped into the subsets
introduced in Fig. 3.3. For example. {E,D} are both taps on digit II, and {G, X, Z},
{L, N}, and {R, T} are all taps on the palm.

Fig. 3.3B (i.e. palm taps, finger taps, slides, and pinches/grabs) for the combined dataset

in the four channel configuration, averaged across cross-validation folds. Sliding gestures

are classified with the highest accuracy (92.8%), likely because they produce the most

distinct mechanical signals. Finger taps are also accurately classified (90.8% accuracy)

and are generally only misclassified as other finger taps, likely because the captured sig-

nals often possess similar magnitudes and temporal profiles. Similarly, palm taps (81.1%

accuracy) are accurately recognized and are typically only misclassified as other palm

taps. This is expected when considering the similarity between many of the palm taps;
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for example, L, M, N, and V are all signed in the middle of the palm but with different

finger placements. Finally, pinch or grab gestures (83.8% accuracy) are somewhat more

likely to be misclassified as other types of gestures due to their heterogeneous nature.

Regardless of the classifier, dataset, or sensor configuration, we observe accuracies

above 60%, which is significantly higher than chance (3.9% for 26 classes). In the major-

ity of SS and IS conditions, accuracies are above 90% when using four sensors, regardless

of classifier used. This indicates that accuracies approaching 100% can likely be achieved

via standard techniques such as lexicon-based models that are widely used in natural lan-

guage processing and automatic speech recognition. Further improvements might also

be achieved through the use of state-of-the-art multi-layer neural network classifiers.

3.4 Conclusion

We present a smart bracelet system that transforms the skin into a touch gesture in-

put interface. The bracelet can classify touch gestures of the Deafblind Manual alphabet,

via integrated wrist-worn sensors, with significantly higher-than-chance accuracy. Our

approach demonstrates the success of minimal accelerometer-based sensing that leaves

the hand unencumbered for manual interactions and movements. Measurements from a

whole-hand sensing array were used in an initial exploration to identify a subset of four

sensors that are able to capture enough salient information in a touch gesture, thus reduc-

ing cost and complexity. We demonstrated the utility of this device for supporting tactile

communication via TSL. We present analyses of an experiment in which we captured and

accurately classified signal profiles for all 26 letters of the Deafblind Manual alphabet,

demonstrating promising uses of such systems for supporting tactile communication.

The smart bracelet can be used for input via tactile gestures performed on the hand

of the user by the user, which could be useful for note-taking, transcription, or textual
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communication. Such a device could support interpersonal tactile communication by

individuals who prefer using touch over other modalities, in addition to encoding touch

in the digital domain. These findings may also enhance the utility of output devices for

tactile communication. Utilizing input and output devices in conjunction could support

communication between two or more individuals, including people who may communicate

via different TSLs.

While we have demonstrated the capability to accurately classify the 26 gestures of

the Deafblind Manual alphabet, more remains to generalize features for classification

of larger mechanical datasets consisting of various TSL signers, receivers, and alpha-

bets. Further investigation into individual differences between subjects, such as hand

size, signing speeds, and emotion (i.e. happy, angry) conveyed through TSL, will be

experimentally investigated.

We further envision supporting real-time classification of TSL, where signing occurs

as fast as five letters per second [150]. In these cases, intentional or accidental movements

of the hand (such as finger motion from a previously performed tactile gesture) must not

interfere with signals captured from the sensors. Thus, further data capture and signal

processing methods will be explored, examples of which include capturing data from two

devices worn on both the signer’s and receiver’s wrist, or capturing false positive dataset

examples (such as muscle contractions, finger twitches, etc.) to help identify gestural

noise versus salient gesture data. We will additionally explore multi-layer classification

and feature optimization by additional meta-analysis of similarities and differences be-

tween tactile signals in a gesture set, as well as natural language processing as previously

applied in speech technologies. Such advancements are expected to improve accuracy and

robustness, aiding applications in natural communication. This system holds promise for

supporting tactile communication, including scenarios where it is paired with a haptic

communication output device, to address communication needs of individuals who are
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deafblind.
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3.6 Supplemental Figure
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Figure 3.5: Features across Letters C and Y: Here, we depict feature repre-
sentations of two letters (C and Y) of the Deafblind Manual tactile sign language.
Despite both letters being performed with sliding gestures, their feature profiles re-
main visually distinct. These unique spatiotemporal signatures, when extracted via
our methodologies, can be classified with high accuracy, despite a limited dataset.
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Chapter 4

An Inter-Manual Exoskeleton that
Facilitates Guided Multi-Finger
Grasping and Manipulation

This chapter presents an unconventional model for sharing physical haptic experiences

through an inter-manual exoskeleton that enables the hand of one person to guide multi-

finger grasping and manipulation actions by another person’s hand. This instrument was

designed to facilitate scientific experiments on shared haptic manipulation and perception,

as exemplified in the experiments presented in Chapters 4 and 5. It may also find use

as a tool for prototyping and evaluating the design of multi-finger kinesthetic (force-

feedback) interfaces for the human hand. Such multi-finger mechatronic devices are

complex, and require careful mechanism design, sensing and actuation considerations,

and significant time investment. The design reported here can be readily reproduced

using standard 3D-printing and fabrication methods, and thus may contribute to further

research investigating multi-finger guided haptic interactions. To facilitate this, the digital

design files for this device will be made public when this work is published.

The contents of this chapter are in preparation:

Stejara Dinulescu, Dustin Goetz, Neeli Tummala, Serena Lee, Jack Carpino, Yon
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Visell, “An Inter-Manual Exoskeleton that Facilitates Guided Multi-Finger Grasping

and Manipulation,” In preparation.

4.1 Abstract

We present the design of a passive, inter-manual exoskeleton, coupling the hands of

two people, that enables the hand of one user (leader) to guide multi-finger grasping and

manipulation by the hand of the other user (follower). We designed this instrument to

provide the leader hand with sufficiently direct control, and to afford sufficient mobility,

to enable tasks involving the grasping and manipulation of small objects with the fingers,

without the need for actuation or control electronics. The design was informed by an

idealized kinematics analysis, which we formalize in this paper, along with ergonomic

considerations, mobility requirements, and avoidance of occlusion. We evaluated the

utility of this device using experiments that coupled the hands of pairs of participants

in representative hand function tasks. One participant guided motion, using vision, and

the other remained passive and compliant. We found that participants were able to

execute peg insertion and shape stacking tasks by using our inter-manual exoskeleton

to guide a different hand. We compared this inter-manual condition with a control

condition involving a single hand, finding that completion rates were similar to those

obtained in the guided condition, but that completion times were substantially longer in

the guided condition. This instrument can be used to prototype and evaluate the design

of multi-finger kinesthetic interfaces, and may find use in scientific experiments on haptic

perception.
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Figure 4.1: Our inter-manual exoskeleton enables collaborative grasping: A)
One participant’s hand (top) guides another participant’s hand (bottom) to grasp a
cup. B) Hand-coupled participants grasp a set of tweezers. C) Hand-coupled par-
ticipants perform the peg-in-hole experimental task. D) Hand-coupled participants
perform the shape-stacking experimental task.

4.2 Introduction

We present an inter-manual, dual-user exoskeleton that enables one person to guide

the whole-hand and multi-finger movements of the other person via plastic coupling links

worn on the fingers, thumb, wrist, and forearm (depicted in Fig. 4.1). With this device,

two people can share simultaneous experiences of grasping and manipulating objects, with

components of the haptic sense partitioned between them. Here, one person (guiding, or

“leader” hand) retains the ability to direct and coordinate their hand movements, but

cannot feel the objects themselves, and the other person (guided, or “follower” hand)

cannot self-direct their hand movements, but can feel the objects. The device enables

us to examine the sensorimotor consequences of collaborative grasping, showcasing how

such inter-manual, multi-finger guidance paradigms can provide insight into human hand

coordination when aspects of the haptic sense are partitioned between two people.

It is well understood that incoming sensory information, felt via populations of

mechanoreceptors in the skin and proprioceptive receptors in the joints and muscles,
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rapidly and subconsciously modulates subsequent outgoing motor coordination of the

fingers [11, 12, 17, 14, 15]. For example, when we grasp an object, critical informa-

tion regarding contact timing, pressure distribution, and the onset of frictional slips are

conveyed via the skin; this feedback allows for the near-instantaneous and subconscious

adjustment of grip forces, ensuring that an object is held with enough pressure to prevent

dropping it [41, 168]. This intricate coupling between sensation and action in the central

nervous system indicates that incoming streams of cutaneous sensation are a fundamen-

tal component of the internal control loop required for stable grasping and manipulation

of objects [38, 14, 15, 37, 16].

There has been a recent rise in the development of hand exoskeletons for motor

rehabilitation (for comprehensive reviews, see [169, 170, 87, 86]), where movements of

the hands and fingers are not self-directed but instead actuated by robotic devices that

operate via force-feedback or electrical muscle stimulation [144, 145, 117, 171, 92]. Here,

the internal control loop required for coordinating functional grasping of the hand is

delegated to pre-programmed, task-specific control algorithms that lack the adaptive

variability inherent in human motion and may be unstable [169, 142]. Furthermore, the

challenge of mechanically coordinating the many degrees of freedom (DOF) of the hand

(fingers and thumb) requires significant design optimizations; researchers must often

make tradeoffs between functionality (i.e., high-complexity joint control) and practical

wearability considerations (i.e., comfort, ergonomics, and ease of use) [170]. To bypass

these algorithmic and mechanical constraints, new methods for human-human guidance,

enabled by haptic devices, are being explored.

One approach to replicating finger trajectories between two people is the Tactile Dis-

play System [55], which tracks one user’s fingertip movements as they actively explore

raised-line drawings and replays the exact spatio-temporal motion trajectory to a second

guided participant. This platform enabled exploration of the contributions of cutaneous
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and kinesthetic sensory information to perception and attention of two-dimensional hap-

tic stimuli [56, 57], but was constrained to planar (2D) movements with a single finger.

Prior work most closely related to ours lies in human–human haptic guidance and

upper-limb rehabilitation: several studies have shown that direct physical coupling be-

tween two people can shape ongoing motor behavior and sometimes learning [172, 173].

Applied rehabilitation protocols sometimes use manual or hand-over-hand guidance for

functional hand posture; however, we found little prior work investigating settings al-

lowing one person to directly guide another person’s whole-hand grasp during functional

manipulation tasks.

While many researchers have investigated motor-based exoskeletons, few examples

exist in which a hand is guided by a non-motorized exoskeleton. One example, the Digi-

tuSync of Nishida et al [174], bears similarities to the inter-manual exoskeleton presented

here. Like our system, the DigituSync relies on a passive mechanism linking the two

hands in a top-bottom configuration, and avoids the use of electronic actuators (and

control algorithms) that are required for motorized hand exoskeletons, and that con-

tribute to the complexity, bulk, and performance challenges encountered by such devices

[87, 86]. However, whereas our system is designed to enable a leader hand to guide five-

digit movements of a follower hand, with sufficient kinematic transfer to enable grasping,

the DigituSync system was designed to facilitate the transmission of forces from only four

fingers, neglecting the thumb, which is essential for most grasping tasks. In addition,

the DigituSync transfers force only in flexion and extension, neglecting abduction and

adduction, and thus is not suitable for general grasping tasks. Furthermore, that system

does not constrain the palmar regions and forearms to be parallel in the manner that

ours does, which can lead to kinematic distortion.
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4.2.1 Contributions

The primary contributions of this work are twofold. First, we present the kine-

matic design and fabrication of an inter-manual exoskeleton that mechanically couples

the right hands of two individuals through passive mechanical linkages. This inter-manual

exoskeleton enables a guiding hand (top hand, i.e., “leader”) to drive the whole-hand,

finger, and thumb movements of a guided user (bottom hand, i.e., “follower”) during

haptic interactions with objects. By leveraging passive linkage mechanics rather than ac-

tuators or control algorithms, the system enables guidance of finger and thumb without

latency or instability, while remaining relatively robust to small anatomical variations

between participants.

Second, we evaluate the functionality of this device through two experiments assessing

guided grasping and manipulation, and the findings from these experiments contribute

to the scientific understanding of how hand movements are coordinated when sensory

information received via skin-object contact is unavailable. Here, cutaneous sensation

from the objects is only directly available to the follower hand, and only the leader hand

can plan, coordinate, and execute deliberate hand movements to complete the experi-

mental tasks. We evaluate experimental accuracy and completion time metrics between

solo (individual, no device) and coupled (hand-matched pairs, with device) conditions.

Our results demonstrate that the inter-manual exoskeleton enables a leading hand to

pick up objects via a follower hand, similar to using a highly dexterous tool, without di-

rectly experiencing cutaneous sensations from skin-object contact. Such an inter-manual,

multi-finger guidance device serves as a platform for experimental investigation into hu-

man hand function under collaborative, guided movement conditions.
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4.3 Mechanism Design and Kinematics

We designed the exoskeleton to enable one hand (the leader hand, L) to guide move-

ments of the hands and fingers of a second person (follower hand, F ). Only L is driven

in the coupled mechanism, while F remains compliant (undriven). We designed the

mechanism under the assumption that L and F have similar, but not identical, hand

morphology (dimensions, finger lengths, etc.). In our experiments, we ensured this was

approximately true by recruiting participants with closely matched hand dimensions.

To aid the design of the mechanism, we formulated an idealized kinematic model

that could be theoretically analyzed in order to inform the selection of attributes of the

mechanism to facilitate guidance. We base this treatment on a kinematic parallelism con-

dition, in which the corresponding phalanges of L and F remain parallel in orientation.

When satisfied, this condition would ensure that the hand posture of F that achieves

grasping during object contact (e.g. form or force closure on an object) matches that at

L, thus minimizing kinematic distortion between the two. While this idealized parallel

kinematic condition is aligned with our primary interest in facilitating grasping, and is

convenient in making the kinematic analysis tractable, it introduces several idealizations

and assumptions that are incompatible with the realization of a practical device integrat-

ing with the human hand. A condition of strict parallelism is likely also excessively rigid,

due to the ability of humans to perform sensorimotor tasks with the hand (or tools) in

the presence of significant disturbances.

There are several reasons for this. First, to support guided manipulation, which is

our primary objective, it is important to avoid occluding large areas of skin, such as

would be required in order to achieve precise kinematic control. Second, it is impractical

to established fixed anchor points on most of the hand surface, due to the high shear

deformability of the skin. For example, even with a brace in distributed skin contact
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along the phalanx, modest forces less than a few newtons are sufficient to displace the

skin by millimeters in multiple shear directions. Third, as related below, grasp occlusion

and other effects complicate the control of thumb kinematics. Fourth, even after selecting

participants for matched hand sizes, it is impossible to ensure identical segment lengths.

Therefore, our goal here is to facilitate guidance by the leader (via vision), rather than

to control kinematics.

Nonetheless, a formal description of the kinematics proved useful in designing this

device. We emphasize that we do not claim this device enforces parallel kinematics across

the hands. Our evaluation is instead functional. Indeed, individuals exhibit a remarkable

ability to accommodate kinematic differences in manual control tasks [175]. The next

section describes the kinematics motivating our design in greater detail.

4.3.1 Idealized Kinematic Objectives for Parallel Lead-Follow

Guidance

Let the five digits of the right hands of L and F be indexed by j ∈ {1, . . . , 5}. Let

each corresponding phalanx pair have identical segment length (our experiment relaxes

this condition). Each digit may be modeled as a serial kinematic chain originating at

a base joint, consisting of the carpometacarpal (CMC) joint for the thumb (j = 1) and

the metacarpophalangeal (MCP) joints for the fingers (j = 2 . . . 5) respectively. Let the

phalanges of each digit j be indexed by k. For the fingers (j = 2, . . . , 5), k = 0 represents

the metacarpal phalanges (MC), k = 1 represents the proximal phalanges (PP), k = 2

represents the medial phalanges (MP), and k = 3 represents the distal phalanges (DP).

For the thumb (j = 1), k = 1 represents the metacarpal phalanx (MC), k = 2 represents

the proximal phalanx (PP), and k = 3 represents the distal phalanx (DP).

Let {0} be the world frame with ẑ as its vertical axis. Let TX
j,k ∈ SE(3) denote the
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world pose of the k-th phalanx of the j-th digit for hand X ∈ {L, F}. Each can be

represented by a homogeneous matrix:

TX
j,k =

RX
j,k pXj,k

0 1

 , X ∈ {L, F} (4.1)

where the phalanges, k, are numbered from proximal to distal. RX
j,k ∈ SO(3) is a rotation

and pXj,k ∈ E3 is a translation. Our design positions the leader hand (L) above the follower

hand (F ), at constant displacement p0 = d ẑ. The configurations of a pair of hands so

displaced is parallel if the pose of each phalanx satisfies

TL
j,k = Td T

F
j,k (4.2)

where Td is the constant translation

Td =

I3 d ẑ

0 1


As noted above, since we are interested in guiding prehensile manipulation with the

fingertips, we focus on the distal phalanges. A pair of corresponding distal phalanges is

parallel and displaced by distance d in the ẑ (vertical) direction if it satisfies

TL
j,3 = Td T

F
j,3 (4.3)

The high mobility and expansive workspace of the thumb (j = 1) make our objective

challenging to achieve with a practical mechanism that preserves thumb mobility over the

required range of grasping configurations. Thus, for the thumb, we relaxed the constraint

(3) to apply only in position, and not necessarily in orientation, thus allowing the distal
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phalanx orientations to differ,

pL1,3 = pF1,3 + d ẑ (thumb, j = 1) (4.4)

In practice, as explained below, in our implementation, the distal phalanges of the thumbs

remain close to parallel, due to our mechanism design and due to the single degree of

rotation freedom at the IPJ joint of the thumb.

4.3.2 Mechanism Design for Fingers, j = 2, 3, . . . , 5

The mechanism design for each finger is independent and illustrated in Fig. 4.2. At

the proximal end of each digit, a rigid constraint is imposed across the forearm, wrist,

and palmar surface (metacarpals). This is represented by a base constraint link c0 of

length d, ensuring that the condition of Equation 4.2 is satisfied for the MC phalanx

(k = 0) of each finger.

We proceed in proximal to distal order with each corresponding pair of phalanges of

L and F . We first address flexion and extension; abduction and adduction at the MCP

joint are treated below. The digits of L and F may be treated, in flexion, as planar serial

mechanisms.

The mechanism of our exoskeleton introduces additional constraint linkages and joints

that realize a closed kinematic chain across the corresponding L and F fingers. Proceed-

ing by induction for any finger, from proximal to distal: we first introduce a constraint

link c1 with length d oriented in the ẑ direction. c1 terminates on either end at revolute

joints on the respective PP phalanges, at a distance lj,1/2 halfway along the phalanx

from the respective proximal joint θj,1. A parallelogram is formed by c0 and c1 and the

equal-length segments of the PP phalanges of L and F on the proximal side of c1. Thus,

phalanges PP of L and F satisfy the condition of Equation 4.2. This construction pro-

65



An Inter-Manual Exoskeleton that Facilitates Guided Multi-Finger Grasping and Manipulation
Chapter 4

Figure 4.2: Kinematic constraints of digits j = 2 · · · 5 imposed by the pro-
posed serial four-bar linkage mechanism: We design a coupling mechanism
for the non-thumb fingers to enable one finger to guide the posture of another finger.
A) The underlying kinematic structure of the index finger contains a distal phalanx
(DP), distal interphalangeal joint (DIP), medial phalanx (MP), proximal interpha-
langeal joint (PIP), proximal phalanx (PP), metacarpophalangeal joint (MCP), and
metacarpal (MC). We first consider two uncoupled index fingers, initially constrained
by a rigid coupling link c0 of length d, representing the base coupling constraints be-
tween the palm, wrist, and forearm. B) We impose a set of coupling links c1, c2, c3
on the PP, MP, and DP of L and F , which can rotate in 1DOF to accommodate
finger extension/flexion. All four coupling links c0 · · · c3, imposed on the underlying
kinematic structure of the finger, constrain the follower finger to match the posture
of the leader finger via a series of four-bar parallelogram planar mechanisms. C) An
example of matched posture between the leader and follower fingers during flexion.
The coupling links c0 · · · c3 remain parallel, ensuring that the movements of the fol-
lower finger match those of the leader finger.

ceeds in the same fashion with the MC phalanges replaced by the PPs, and the PPs

replaced by the MPs, and with the addition of a new constraint c2 terminating on MP

at identical distances lj,2/2 of F and L, ensuring that the MP phalanges of L and F

also satisfy (4.2). Repeating this construction one further time, with the addition of

constraint c3, ensures that the distal phalanges also satisfy the condition of Equation 4.2,

as desired.
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Our design decouples finger mobility in flexion/extension and abduction/adduction,

so this analysis holds across the range of motion of the respective finger. In detail,

constraint c0 ensures that the MCP joints are displaced by d on a line parallel to the

ẑ axis. Furthermore, the revolute joint at c3 is fixed to the fingernail such that each

phalanx and the distal phalanges are also displaced by d ẑ. Consequently, as the fingers

abduct or adduct about the MCP joint, flexion of the coupled fingers is always in in a

plane whose normal vector is in the x− y plane (orthogonal to vertical).

In summary, the mechanism design ensures that the kinematic conditions of Equa-

tions 4.2 and 4.3 hold for each leader-follower pair of fingers (j = 2, 3, 4, 5).

4.3.3 Mechanism Design for Thumb (j = 1)

As noted above, due to the high mobility and expansive workspace of the thumb (j =

1), which can pronate in opposition to the fingers for grasping, it is challenging to design a

mechanism that ensures parallel configuration of the coupled thumbs without producing

interference. Furthermore, motion involving components of pronation or rotation about

the thumb’s axis is difficult to control via a practical mechanism, because the skin covering

the phalanges is highly mobile, impeding the establishment of a fixed mount on each

phalanx as was achieved with the other digits. We modeled, analyzed, designed and

prototyped several solutions for the thumb, none of which performed satisfactorily. These

challenges motivated the design used in our exoskeleton, which relaxed the distal phalanx

parallelism condition (Equation 4.3) to apply only in position, not orientation.

Specifically, our kinematic condition for the thumbs is as follows: we designate corre-

sponding points pF1,3 and pL1,3 near the nail on the thumb tip that must satisfy Equation

4.4. Thus, the thumb tip phalanx positions are displaced by d ẑ, but can differ in orien-

tation. In practice, the distal phalanges of the thumbs remain close to parallel, because

67



An Inter-Manual Exoskeleton that Facilitates Guided Multi-Finger Grasping and Manipulation
Chapter 4

Figure 4.3: Kinematic constraints of the thumb digit j = 1, imposed by
the proposed coupling mechanism: Our design goal is to enable a leader thumb
to guide a follower thumb, such that the position of the thumb tip is matched and
displaced by a vertical distance (relaxing orientation constraint). A) Each thumb has
a carpometacarpal joint (CMCJ), a metacarpal (MC), a metacarpophalangeal joint
(MCPJ), a proximal phalanx (PP), an interphalangeal joint (IPJ), and a distal pha-
lanx (DP). The CMCJ and MCPJs are modeled to be universal joints (2-DOF) and
the IPJs are modeled to be rotary joints (1-DOF). The two uncoupled thumbs are
initially fixed at the base joint (CMCJ) by a distance d with coupling link ct1. B) Our
slider-double-hinge (s, h1, h2) mechanism and u-joint coupler (ct1, θ

L
u , θ

F
u mechanism

enable the leader thumb to guide the follower thumb. C) We illustrate the position
of the thumb coupling mechanism when the leader thumb performs adduction move-
ments.

the residual degree of freedom at the IPJ has a limited range of motion.

The mechanism design for the thumbs is thus distinct from that for the fingers and

illustrated in Fig. 4.3. Proximal to the carpometacarpal joint (third from the thumb

tip), it imposes a rigid constraint grounded at the wrist and palmar surface, which are

fixed. This is represented by a base constraint link ct1 of length d parallel to ẑ. A second

constraint, ct2 bridges points pL1,3 and pF1,3, which are just above the nail. ct2 terminates

in universal joints on each end. A hinge mechanism couples the two constraints. One

hinge link, h1, terminates with a sliding revolute joint s on ct1. The other, h2, is rigidly

coupled to the midpoint of ct2 at the distal end and to the revolute joint at the end
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of h1 on the proximal side. By inspection, this mechanism preserves 3 spatial degrees

of freedom: With s fixed, the distal end of h2 can translate in a plane orthogonal to

the ẑ axis. Motion in ẑ is accommodated by sliding at s. This ensures that condition

4.4 is preserved as pL1,3 translates. The universal joints at the ends of ct2 accommodate

2-axis rotation at either thumb. Because rotation of the universal joints is about pF1,3 and

pL1,3, which lie near the midpoint of the distal thumb phalanx, and due to the constrained

lengths of the thumb phalanges, the distal phalanges have limited unconstrained mobility

in orientation in practice.

As part of our design process, we verified that the mechanism for fingers and thumb

are free from singularity and interference, across the range of motion employed here,

using numerical kinematic studies and prototyping.

4.4 Design and Fabrication of the Inter-Manual Ex-

oskeleton

Our device was fabricated with mechanical parts from McMaster Carr, as well as

3D-printed with carbon-fiber reinforced PETG material using a Bambu X1 Carbon 3D-

printer with AMS. Our process enables the quick production of thin and stiff linkages

that can appropriately transfer posture between leader and follower hands. Mechanism

components were designed in CAD using Solidworks 2024 (licensing provided by the

University of California, Santa Barbara’s Mechanical Engineering Department). The

resulting fabricated mechanism, when worn by two people, is depicted in Fig. 4.4A.
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Figure 4.4: The design and fabrication of the inter-manual coupling device:
A) We fabricated a whole-hand coupling mechanism between two people, which en-
ables one hand (top of the device, leader hand) to guide the multi-finger and thumb
movements of another compliant, follower hand (bottom of the device). B) CAD
models of 1-DOF linkages that couple digits j = 2 · · · 5. The coupling linkages for
the medial and proximal phalanges (MP, PP) are composed of two rings, rotating in
1DOF within a rigid links of length d = 200mm. The coupling linkages for the distal
phalanges include a rigid finger cage for the leader hand and a fake nail with a rotary
joint, mounted to the fingernail of the follower hand, via UV-cured manicure gel. C)
The resulting fabricated finger links (distal, medial, and proximal phalanges), when
worn between two hands, can reproduce finger extension and flexion of the joints of
the digits, as well as transfer abduction/adduction of the metacarpal joint. D) CAD
models of the thumb and wrist constraint mechanism. The device employs a brace
with rigid linkages fixing the two arms with a vertical distance of d = 200mm. The
thumb coupling mechanism employs a slider and double-hinge design, terminating in
two u-joints, to enable one thumb to guide the movements of another thumb. D) The
fabricated mechanism for the wrist and thumb, using carbon-fiber reinforced PETG
and linear motion shafts from McMaster Carr. The forearm and wrist components of
the device are suspended via a bungee system, supporting the leading hand.
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4.4.1 Wrist and Forearm Coupling Mechanism

Our device employs two braces that fix the forearms, wrist, and palm of the hand of

each participant (Dorsal Carpal Tunnel Splint made by RCAI). Such braces are intended

to address discomfort from arthritis or carpal tunnel, or to brace the wrist during strain

injuries. Here, our use of the braces restrict wrist flexion. We connect the two braces in

a vertical configuration through the use of linear motion guides (200 mm in length) and

two sets of 3D-printed bracelet components. There is one full bracelet at the base of the

wrist (80 mm diameter) and one half-bracelet design at the forearm (100 mm diameter).

Velcro straps fix the device to the forearm and palm in three locations. The thumb

coupling mechanism is mounted to the linear guides at the wrist and explained further

below. The wrist coupling mechanism design (CAD models) and resulting fabricated

mechanism are depicted in Fig. 4.4D and Fig. 4.4E, respectively.

4.4.2 Phalanx Coupling Links

We fabricated 3 coupling linkages with revolute joints for each finger, according to

the design constraints shown in Fig. 4.2. The linkages for the MP and PP, depicted in

Fig. 4.4B, are composed of a rigid vertical link of length 200 mm, connected to two ring

structures and incorporating two rotary joints each (1-DOF). Each ring structure is fit

to the corresponding phalanx of both leader and follower hands; the inner diameter of

the rings vary in size by 2 mm (Rw = [14, 16, 18, 20, 22, · · · 26] mm, with the height of

each ring Rh = 0.9×Rw. The horizontal thickness of the ring is 2 mm and the bracket is

4 mm, meaning about 12 mm of thickness is added to each finger by the linkage (6 mm

on each side). The rotary joints must be positioned on each side of the ring such that

they lie on the horizontal axis of the finger cross-section.

The distal phalanx coupling mechanism requires a different design, due to nail and
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cartilage material on the dorsal side of the finger, and must support adhesion to the

fingertip under the high forces produced during functional grasping. To accommodate

these design needs, we adhere a fake nail, connected to a small revolute joint, to the

human nail with UV-cured manicure gel, leaving the fingerpads of the follower hand

free to grasp objects without interference from the mechanism. For the leader hand, we

designed a cage surrounding the distal phalanx to properly adhere the mechanism to the

finger, without the need for fake nails. CAD models for the distal phalanx mechanism is

depicted in Fig. 4.4B and the resulting fabricated linkage is depicted in Fig. 4.4C.

Placing two ring linkages on two coupled fingers, at the midpoint of medial and

proximal phalanges, in addition to the distal phalanx linkage at the fingertips, results in

the ability of a leader digit to guide the movements of a follower digit (non-thumb).

4.4.3 Thumb Coupling Mechanism

We fabricated our mechanism for the leader and follower thumbs according to the

design requirements depicted in Fig. 4.3. The resulting CAD models and fabricated

mechanism are depicted in Fig. 4.4D and E, respectively.

The fabricated thumb coupling mechanism is composed of a slider-double-hinge mech-

anism that terminates in two u-joints (outer diameter 7 mm, inner diameter 3 mm). The

slider mechanism includes the linear guide from the rigid wrist coupling structure, of

length 200 mm, in addition to a hinge arm of length h1 = 80 mm. These components

enable sliding in ẑ and opening and closing orthogonally to ẑ. A second hinge arm of

length h2 = 65 mm, which also opens and closes orthogonally to ẑ, is attached to a

rigid vertical linkage component of length 200 mm, which is coupled to the leader and

follower thumb nails via 3D-printed thumb brackets. When two wrists are fixed into this

coupling mechanism, and the thumb brackets are fixed to the thumb nails, the resulting
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mechanism can reproduce natural abduction, adduction, extension, and flexion of thumb

movements between leader and follower thumbs.

4.5 Experiments

We evaluated the functionality of our inter-manual coupling mechanism in standard

object manipulation tasks, drawn from hand functional testing and widely used in other

research [176, 177]. Participants were tasked with completing a nine-peg-in-hole task

(Experiment 1) and a shape stacking task (Experiment 2) using either their own hand

(solo condition) or by guiding the hand of a second person (coupled condition).

4.5.1 Participants

We recruited eight right-handed participants (five female, three male) between 21

and 34 years old to participate in two experiments evaluating the functionality of our

inter-manual exoskeleton. All eight subjects participated in both the solo and coupled

conditions of the study. The study was approved by the Institutional Review Board of the

University of California, Santa Barbara, and all participants provided written informed

consent. No participants reported sensorimotor impairments that would affect grasping

or manipulation of small objects.

For the coupled condition, the eight participants were matched into four pairs, with

the constraint that corresponding phalanx lengths within each pair differed by less than

10 mm. Within each pair, participants were randomly assigned to be either the leader

(top) hand or the follower (bottom) hand.
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4.5.2 Experiments

Participants performed two manual dexterity experiments – peg-in-hole (Experiment

1) and shape-stacking (Experiment 2) – in both solo and coupled conditions. There is

one practice trial before the captured experimental trial for each experiment, in line with

manual dexterity clinical evaluations. Participants are instructed to complete the task as

quickly and as accurately as possible. We recorded time-stamped video of the hands of

participants completing the dexterity experiments in both conditions, and task accuracy

and completion time metrics were extracted post-hoc.

4.5.2.1 Peg-In-Hole Experiment

The peg-in-hole experiment (Jamar 9-Hole Peg Test Kit, Superior Medical Equip-

ment) consisted of two stages (Fig. 4.5A). During the Peg Insertion (P-I) stage, partici-

pants moved each of the nine pegs from a pegboard to its corresponding hole on a second

pegboard. During the subsequent Peg Removal (P-R) stage, participants removed each

peg from the second pegboard and placed it in a dish. A peg was considered a “miss”

if it was placed in an incorrect hole during the Peg Insertion stage or dropped during

either stage, and a “hit” otherwise.

4.5.2.2 Shape-Stacking Experiment

The shape-stacking experiment (S-S) involves four identical copies of five different

shapes, which are sequentially stacked directly on top of the others in the same orientation

on a pegboard (Fig. 4.5B). Each shape featured one or more circular cutouts (12 mm

diameter) that allowed it to be stacked on the pegboard, with the number of cutouts

varying by shape. The five shapes include: circle (45 mm diameter, 1 cutout), rectangle

(25 mm x 50 mm, 2 cutouts), triangle (53 mm edge length, 3 cutouts), square (50 mm
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Figure 4.5: The two experiments assessing manual dexterity: A) Peg-in-hole:
In the Peg Insertion (P-I) stage, each of nine pegs was moved from the top pegboard
to its matching position in the bottom pegboard. During the subsequent Peg Removal
(P-R) stage, pegs were removed from the bottom pegboard and placed in a dish. B)
Shape-stacking: For each of five shapes, four identical copies were stacked sequentially
in the same orientation on a peg board. Shapes contained one or more circular cutouts
that allowed them to be mounted on pegs and were completed in order of increasing
cutout count.

edge length, 4 cutouts), and pentagon (33 mm edge length, 5 cutouts). All shapes were

8 mm thick. Shapes were stacked in order of increasing cutout count (from circle to

pentagon). Each copy of a shape was considered a “miss” if it was dropped or placed in

an incorrect orientation on the pegboard, and a “hit” otherwise.
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4.5.3 Experimental Protocol

The solo condition was completed within 15 minutes per participant, and the coupled

condition was completed within 1 hour and 30 minutes. All eight participants took part

in both solo and coupled conditions. During the solo condition, all participants had vision

of the two tasks. During the coupled condition, only the leader hand had vision of the

tasks. The order of tasks (shape-stacking or peg-in-hole) and experimental conditions

(coupled or uncoupled) were randomized and counterbalanced. Participants were given

a five-minute break between tasks.

Donning the device during the coupled condition took between 30-45 minutes per

participant pair. The experimenter first secured the participants’ wrists and forearms

within the device. Then, the index, middle, and ring fingers were coupled at the prox-

imal and medial phalanges with the appropriately-sized ring linkages. Next, the distal

phalanges of the index, middle, and ring fingers were coupled with the appropriately-sized

cage-and-fake-nail linkages. Lastly, the fake nails at each end of the thumb mechanism

were attached to the leader and follower thumb nails. All fake nail components were

attached with UV-cured manicure gel. Skin safe, double-sided adhesive was used to ad-

here the plastic links to the fingers and minimize play in the mechanism. The pinky

fingers were not coupled, as pilot testing demonstrated they were not used for grasping

and manipulation in either experiment.

4.5.4 Subjective Questionnaire

After the participants completed both solo and coupled conditions of the two exper-

iments, they provided written responses to the following questionnaire:

• How comfortable was the device attached to your hand during the experiments?

(Likert scale response from 1-10, followed by free response)
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• How much mental effort did you have to engage in when completing the experiments

with the exoskeleton? (Likert scale response from 1-10, followed by free response)

• If you were the leader hand in the experiments, please provide any comments you

may have about what it felt like to perform the tasks via the other person’s hand

(when you were guiding the other hand)? (Free response)

• If you were the follower hand in the experiments, please provide any comments

about what it felt like for the other person to perform the tasks with your hand

(when your hand was guided)? (Free response)

• Any other feedback or comments? (Free response)

4.5.5 Analysis

We manually annotated the captured video to identify start and stop times on the

experimental trial in each experiment, and from these data obtained the amount of time

required to complete each manual dexterity task.

Peg-in-hole accuracy, on both P-I and P-R phases, is computed per participant by

dividing the total number of hits by 9 and reported as a %. Shape-stacking accuracy is

similarly computed by dividing the total number of hits by 20 (5 total shapes, 4 copies per

shape) and reported as a %. Per-peg completion time for both P-I and P-R is computed

by dividing total task time by 9. Per-shape completion time is computed by summing the

time it takes for each participant to pick up and place each copy of one shape and dividing

by 4; then, each of these averages (one value per shape per participant) is summed and

divided by 5.

To determine whether accuracy and completion time are significantly different be-

tween solo and coupled conditions, we use Welch’s t-tests (with a 95% confidence in-
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terval), corrected post-hoc using the Holm-Bonferroni method. Welch’s t-tests were

employed here, as our experimental groups have unequal variances and sample sizes.

Figure 4.6: Experimental results (accuracy, completion time, Likert-scale
questionnaire responses): We measure accuracy (A) and completion time (B) from
solo participants and coupled dyads. No statistically significant difference was found
in accuracy between solo and coupled conditions on either peg-in-hole or shape-stack-
ing experiments. A significant difference in per-object completion time (average time
to correctly place either one peg or one shape) was found between solo and coupled
conditions. C) Participant responses to Likert-scale questions are depicted, which
include comfort of the exoskeleton device (left) and how much mental effort was ex-
perienced while performing the experiments with the device (right). A score of 1
indicates extremely uncomfortable or extremely low mental effort, whereas a score of
10 indicates extremely comfortable or extremely high mental effort. Mean scores for
both questions were 5.125 (around neutral).
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4.5.6 Results – Accuracy and Completion Time

Mean accuracy in the solo condition across the two manual dexterity experiments

(P-I, P-R, S-S) was 100%. Mean accuracy in the coupled condition was above 90% (P-

I: 97.22%, P-R: 100%, S-S: 92.5%). Mean accuracy results (across condition and per

participant or participant pair) are reported in Fig. 4.6A. Completion time per-peg or

per-shape in the solo condition for all tasks was under 1.5 seconds (P-I: 1.20 s, P-R:

0.90 s, S-S: 1.05 s). In the coupled condition, completion time per-peg or per-shape was

greater than 4 seconds (P-I: 7.78 s, P-R: 4.26 s, S-S: 4.25 s). Mean per-peg or per-shape

completion times (across condition and per participant or participant pair) are reported

in Fig. 4.6B. Comprehensive descriptive statistics for both accuracy and completion time

metrics are reported in the supplementary material (Table 4.1).

Accuracy across all tasks was not found to be significantly different between solo

and coupled conditions (P-I: t = 1.000, p = 0.782, P-R: both groups resulted in 100%

accuracy, S-S: t = 3.000, p = 0.173). Conversely, we found statistically significant dif-

ferences for completion time between solo and coupled conditions across all tasks (P-I:

t = −16.989, p = 0.002, P-R: t = −5.721, p = 0.038, S-S: t = −11.403, p = 0.006).

Comprehensive results from Welch t-tests with post-hoc correction can be found in the

supplementary material (Table 4.2).

4.5.7 Discussion – Accuracy and Completion Time

We found that performance accuracy remained consistent across solo and coupled

conditions during both peg-in-hole and shape-stacking experiments, demonstrating that

the inter-manual exoskeleton enables the guided, functional grasping and manipulation

of small objects. This occurs despite the leader lacking direct cutaneous contact with

objects, relying on the visual system instead to coordinate the movements of the fol-
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lower’s fingers. This inter-manual device effectively partitions the human haptic sense

between two individuals while preserving the hand’s full functional capacity under passive

guidance.

We additionally observed higher completion times in the coupled condition for both

experiments; this indicates that while cutaneous sensation may not be necessary for the

leader hand in successfully coordinating the grasping and manipulation of objects via

the follower hand, it may significantly speed up the time it takes to perform these hand

functions. However, this may be due to interference from the linkages and unfamiliarity

of the experience, requiring periods of adaptation and motor learning. We evaluate our

participants’ subjective experiences while using our inter-manual coupling device below

to investigate the possible contributions of other variables.

The findings we report appear to be consistent with prior studies of natural human

hand function under digital anesthesia, which show that manual dexterity in grasping is

significantly impoverished under digital anesthesia [41, 38, 178]. The same studies show

that task completion is often possible under visual guidance, but incurs significant time

delays. Our inter-manual exoskeleton reproduces these results without the use of digital

anesthesia by enabling multi-digit guidance of one person’s hand by another person.

The inter-manual exoskeleton makes it possible, under restricted conditions, to par-

tition motor control and cutaneous sensory feedback between two participants, and thus

could enable a host of experiments that are not accessible using other methods, including

digital anesthesia, beyond manipulation tasks like those tested here. For example, this

apparatus makes it possible to compare the perception of haptic object properties under

conditions in which agency over exploratory movements is present or absent. Addition-

ally, this apparatus can facilitate experiments in which object perception is tasked to

the (top) leader hand, which possesses agency over exploration, with or without sensory

input from vision, but does not have access to cutaneous information. Alternatively,
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by switching the role of the bottom hand to leader and the top hand to follower, this

apparatus makes it possible to assess how proprioceptive information that is available

to the top hand contributes to object perception, in the absence of motor control and

cutaneous input from skin-object contact. A host of other possibilities exist that may

enable further studies.

4.5.8 Questionnaire Responses

Responses for questions 1 and 2 (comfort of the exoskeleton, mental effort while using

the exoskeleton) are reported in Fig. 4.6C. The mean response for both questions was

5.125, indicating a slightly above neutral response for comfort and a medium level of

mental effort.

Regarding comfort of the exoskeleton (question 1), some participants (n = 2) reported

a limited range of motion in closing their fingers together, due to lateral interference from

the brackets. Other responses included the fake nail tips being slightly too long when

grasping the small pegs (n = 1), slight pulling sensations at the cuticle from the fake nail

of the DP linkage (n = 1), and some upper arm and body discomfort/fatigue towards

the end of the study (n = 4). One participant described the finger and thumb coupling

links like wearing a glove.

Regarding mental effort during the tasks with the exoskeleton (question 2), follower

participants described some level of effort in remaining passive, without resisting guid-

ance forces from the top hand or making their own corrective movements while feeling

the objects. Leader participants described effort in translating movements through vi-

sion from their own perspective, which required more concentration than moving with

their own hand, particularly at the beginning of the study. One leader participant de-

scribed this experience as playing a video game, where they could better coordinate the
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movements of the follower hand over time through use of vision.

Some participants who experienced the leader condition (question 3) felt as though

they could almost feel the objects themselves, through the follower hand (n = 3), due

to visual feedback from the task and cutaneous feedback felt via the plastic coupling

links. One participant reported, “I was surprised to find that it almost ‘felt’ like I was

physically grasping the objects with my own hand.” Another leader participant reported

that not having the sense of touch made it more difficult for them to complete the task,

compared to using their own hand, especially during the peg-in-hole experiment (i.e.,

smaller objects requiring a higher level of fine motor coordination).

Some participants who experienced the follower condition (question 4) described how

being guided through a movement felt similar to performing the movement themselves

(n = 2). However, a break in the illusion occurred if the leader hand stumbled or made

an error when picking up an object. Having tactile sensation, but not the ability to

control their movements, felt strange for most follower participants, with two reporting

the experience to be “interesting” and one reporting it to be disconcerting and invasive

to their sense of agency over their own body.

Several responses (n = 3) to our request for additional comments (question 5) included

reflections on agency and autonomy. One follower participant described their experience

as “very extraordinary... It made me think about how much agency do I have in my daily

life.” Another follower participant wrote, “I guess I like my autonomy.” One participant

suggested a further coupling of the upper arms during future experiments.

4.6 Conclusion

We developed an inter-manual exoskeleton that enables one person to guide the whole-

hand movements of another person in grasping and manipulating small objects. Here, a
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simultaneous haptic experience is shared between two users, with aspects of the haptic

sense partitioned between them – the leader hand does not directly contact the objects

being manipulated, and the follower hand cannot self-direct movements. Our design

synchronizes movements of the forearm, wrist, and all five fingers, while accommodating

the thumb’s complex adduction and abduction. We note that parallelism between the

two hands is not strictly enforced by our mechanism, and may be difficult to achieve in

practice due to difficulties mounting the device to the the skin on certain parts of the

hand, and due to wide ranges of digit morphologies between people.

We observed similar performance accuracy during two experiments between solo and

coupled conditions, indicating that our device facilitates successful grasping and ma-

nipulation of small objects under guided movement conditions. However, we observed

significantly different completion times between solo and coupled conditions across all

tasks.

This is expected, given the limitations on the haptic sense on behalf of the leader hand.

Here, there is a heavy reliance on the visual system for motor planning and coordination

rather than the tactile sense, as cutaneous sensory streams do not contain information

directly from object surfaces. This may cause disruption in the internal models used to

predict sensorimotor consequences and guide subsequent hand movements, which may

be mitigated with longer familiarization periods and more experience with the hand-

coupling device. Like practicing an instrument, wielding another person’s hand may

become easier with time.

Additionally, mechanical factors such as structural interference from linkages, in-

creased weight on the hand and forearm from the device, and fatigue over time may

contribute to longer completion times in both experiments. Improvements to the device

design and ergonomics, in addition to shortening the time it takes to don participants

into the device, would help to eliminate these potential confounding variables. Further-
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more, responses to our questionnaire indicate that follower participants, who did not

control their finger movements during the tasks, experienced changes to their feelings of

agency and autonomy over their hands. These qualitative results warrant further inves-

tigation into sensations of agency, body ownership, and embodiment during such guided,

multi-finger experiences.

The present contribution addresses shared haptic grasping and manipulation, in which

agency over the completion of the task was entirely allocated to the leader hand, which

lacks cutaneous sensory input. An interesting question naturally arises as to what the

follower hand feels, since they have access to cutaneous input that the leader hand lacks.

Because haptic perception involves the integration of sensory input and movement, this

question naturally leads to a host of other research questions about haptic object percep-

tion that may be possible to clarify using a device such as ours that partitions sensation

and movement between two people. We aim to investigate this in future research.
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4.8 Supplementary Materials

4.8.1 Summary Statistics

We compute summary statistics across our dataset, presented in Table 4.1. Solo accu-

racy across both experiments is 100 %. Coupled accuracy scores across both experiments

vary between 85 % and 100 % (MeanP−I = 97.22 %,MeanP−R = 100 %,MeanS−S =

92.5 %). Completion time in the solo condition (MeanP−I = 1.20 s,MeanP−R = 0.90 s,

MeanS−S = 1.05 s) is between four and seven times faster than the coupled condition in

both experiments (MeanP−I = 7.78 s,MeanP−R = 4.26 s,MeanS−S = 4.25 s).

Table 4.1: Summary Statistics of Accuracy and Completion Time Metrics for Peg
Insert (P-I), Peg-Removal (P-R), and Shape Stacking (S-S)

Task/Metric Condition Mean Std Dev Min Max Median Mode

P-I: Acc
Solo 100.00 0.00 100.00 100.00 100.00 100.00
Coupled 97.22 5.56 88.89 100.00 100.00 100.00

P-I: CT
Solo 1.20 0.13 1.06 1.46 1.18 1.06
Coupled 7.78 0.77 7.20 8.89 7.51 7.20

P-R: Acc
Solo 100.00 0.00 100.00 100.00 100.00 100.00
Coupled 100.00 0.00 100.00 100.00 100.00 100.00

P-R: CT
Solo 0.90 0.23 0.73 1.40 0.81 0.73
Coupled 4.26 1.16 3.35 5.96 3.87 3.35

S-S: Acc
Solo 100.00 0.00 100.00 100.00 100.00 100.00
Coupled 92.50 5.00 85.00 95.00 95.00 95.00

S-S: CT
Solo 1.05 0.12 0.85 1.20 1.02 0.85
Coupled 4.25 0.55 3.79 4.92 4.14 3.79

4.8.2 Statistical Analysis

Comprehensive results from our Welch t-tests for significance, with post-hoc Holm-

Bonferroni corrections for multiple comparisons, are presented in Table 4.1.
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Table 4.2: Welch T-Test Results with Holm-Bonferroni Correction for Solo versus
Coupled Groups

Metric t-statistic p-adj (Holm) Sig

P-I: Acc 1.000 0.782
P-I: CT −16.989 0.002 **
P-R: Acc NaN NaN
P-R: CT −5.721 0.038 *
S-S: Acc 3.000 0.173
S-S: CT −11.403 0.006 **

Significance codes: * p < 0.05, ** p < 0.01
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Chapter 5

Haptic Shape Perception via
Guided, Whole-Hand Exploratory
Movements

The motivation and design of the inter-manual exoskeleton, presented in the previous

chapter, was to clarify unexamined questions about haptic perception. Perception via

touch is highly refined, able to readily discriminate numerous objects and their properties

without sight. It is well established that the perception of haptic object properties relies

on exploratory procedures – deliberate patterns of hand movements that are specifically

employed to elicit salient cues about the desired property. Prior accounts characterize

these exploratory procedures as deliberate hand movements, but the question of whether

they need to be deliberate has not been assessed. This chapter exploits the unique shared

haptic instrument of the previous chapter to investigate haptic shape discrimination under

guided multi-finger movements and compare it to discrimination performance using self-

directed movements. Here, shared physical haptic interactions, facilitated by inter-manual

multi-finger guidance, are used to investigate scientific questions about the human haptic

sense.

The contents of this chapter are in preparation:
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Stejara Dinulescu, Neeli Tummala, Serena Lee, Yon Visell, “Haptic Shape Percep-

tion via Guided, Whole-Hand Exploratory Movements,” In preparation.

5.1 Abstract

Haptic object perception relies on exploratory procedures – patterns of hand move-

ments that depend on the haptic attributes of interest. Here, we examined how haptic

shape discrimination varies when hand movements are self-directed or guided by an-

other person. Guidance is facilitated by an inter-manual exoskeleton that couples two

people’s hands together, enabling one person to guide the multi-finger movements of an-

other person. We conduct a two-alternative forced-choice perceptual discrimination task

in which participants judge whether a pair of stimuli (3D-printed bell peppers) are the

same object, regardless of their orientations. We found that when hand movements are

guided, rather than self-directed, participants were nonetheless able to discriminate com-

plex haptic shapes with 68% accuracy (d′ = 0.94). When exploratory movements were

self-directed, rather than guided, perceptual discrimination was better (80% accuracy,

d′ = 1.73). Our results suggest that although performance is higher during self-directed

movements, guided movements nevertheless support complex three-dimensional object

perception. While haptic object perception relies on exploratory procedures, our re-

sults suggest that the hand movements need not always be deliberate, although further

research is warranted.

5.2 Introduction

The human hand is both a refined, sensitive organ and a highly dexterous, prehensile

manipulator; the human haptic sense is thus a result of inherent couplings between
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sensory and motor systems [12, 18, 17]. When interacting with objects, neural signals

from mechanoreceptors in the skin (cutaneous sensation) and kinesthetic receptors in

the joints and muscles (proprioception) inform our subsequent hand movements [31, 14,

179]. These hand movements, referred to as “exploratory procedures,” vary with the

sensory input and the type of tactile information desired [20, 21]. While it has been well-

established that our remarkable ability to perceive haptic object properties is a result

of such deliberate hand movements, it remains unclear whether exploratory procedures

must be self-directed to be haptically informative. Here, we investigate how haptic shape

discrimination abilities are altered when hand movements are guided by another person.

During self-directed haptic exploration, the central nervous system employs internal

prediction models of the sensory consequences of a motor command, referred to as effer-

ence copies [180, 38, 37, 16]. These efference copies are used to compare the predicted

sensory feedback (movement reafference) to actual sensory feedback (exafference) in order

to inform subsequent motor commands. When hand movements are guided, as with the

inter-manual coupling method employed in this work, these internal predictive models

are disrupted, potentially altering the ability to perceive object properties.

Several prior studies have examined motor coordination and hand function during

haptic interactions that involve digitally anesthetising the fingers [41, 38, 178]. Here,

we sought to investigate haptic perception under conditions where movements are not

self-directed. In this case, the hand must still retain the ability to feel through the skin.

Similar considerations have motivated other researchers to develop dual-user platforms

that physically decouple outgoing motor commands from incoming sensory feedback.

These devices enable one person to guide the finger, hand, or arm trajectories of another

person, enabling the study of haptic perception under guided (i.e., passive movement)

conditions. For example, Froese et al. [181] demonstrated that guided users can accu-

rately perceive the length of virtual two-dimensional objects when their hand trajectory
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is reproduced from another person’s deliberate, exploratory movements. The successful

extraction of spatial features, such as distance, during guided movement suggests that

haptic information remains accessible even without direct and deliberate motor control

of the hand.

As another example, Richardson and Symmons developed the Tactile Display System

(TDS), which imposed movements on a passive finger during exploration of embossed line

drawings. Their results suggest that aspects of perception are conserved when movements

are imposed, rather than self-directed [55, 56, 57]. However, the experiment involved a

narrow task performed with a single digit, and involved the perception of two-dimensional

patterns. Notably, the perception of two-dimensional shape via the finger is markedly

less accurate than three dimensional object perception with the hand. Thus, it is unclear

to what extent the results extend to multi-finger haptic perception of three-dimensional

objects.

However, there remains a need to investigate the impact of guided whole-hand move-

ments (movements of the fingers and thumb) on haptic discrimination of three-dimensional

objects and their properties. This has proven challenging to date, due to the significant

kinematic complexity of the human hand. Traditional methodologies for guiding the

whole-hand movements of another person would require complex multi-digit coordina-

tion from sophisticated robotic devices and corresponding control algorithms [86, 87].

We circumvent this complexity by using the inter-manual coupling device, developed

by Dinulescu et al. [182], that enables one person to guide the whole-hand (finger and

thumb) movements of another person through the use of passive mechanical linkages. By

removing the ability to self-direct multi-digit hand movements, we can investigate haptic

shape perception of complex, three-dimensional objects under such guided conditions.
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5.2.1 Contributions

We present the first experimental investigation of haptic perception of three-dimen-

sional objects under conditions of guided multi-finger movements (i.e., exploratory pro-

cedures are externally driven and not self-directed). We employ the exoskeleton device

presented by Dinulescu et al. [182], which enables one hand to guide the finger and

thumb postures of another hand.

We show that in conditions where hand movements are guided in perceiving object

shape, haptic discrimination accuracy is above chance. Furthermore, we show that haptic

discrimination accuracy and discrimination sensitivity (d′) are lower when hand move-

ments are guided than when hand movements are self-directed. We observe no difference

in response bias (c) between guided and self-directed movement conditions. These results

indicate that guided hand movements can still inform the perceptual discrimination of

three-dimensional object shape, even when the surface features of the objects are quite

complex, although self-directed hand movements yield greater discrimination accuracies.

5.3 Methods

The experiment is based on pairwise haptic shape discrimination and was conducted

in both guided and self-directed conditions, as described below. The experimental design

and shape set were derived from prior studies [5, 7, 6], adapted to the unique conditions

probed here.

5.3.1 Subjects

We recruited 6 participant pairs (12 total) for the Coupled-Guided Exploration (C-G)

condition. Participant pairs were matched based on hand size, where phalanx lengths
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Figure 5.1: Experimental Conditions: A) The coupled-guided exploration condi-
tion (i.e., C-G) is performed by two participants wearing the inter-manual exoskele-
ton device. Participants in this condition are paired based on closely matched finger
lengths and widths. During a two-alternative forced-choice (2AFC) task, the guided
(bottom hand) participant does not have vision of the task and must respond whether
two objects are the same or different, regardless of object orientation. In contrast,
the guiding (top) hand can see the objects and is tasked with directly moving the
responding (guided) hand’s fingers to explore the surface of the objects. B) The solo–
controlled (S-C) condition is performed by individual participants who can self-direct
their hand movements during the same 2AFC task. Here, participants wear the cou-
pling brace component of the exoskeleton device to control for occlusion and wrist
restriction, without being coupled to another person.

differed by no more than 10 mm per participant. Participant pairs wore the inter-manual

exoskeleton from Dinulescu et al. [182], which enabled one participant (top hand) to

guide the hand movements of the other (bottom hand), as depicted in Fig. 5.1A. Two

participant pairs were removed from data analysis due to adhesion issues of the device

with the thumb and pinky (n = 1) and a mechanical mismatch of posture in the thumb

mechanism due to mismatched distal phalanx morphology (n = 1). This resulted in a

total of 4 coupled pairs used in data analysis for the C-G condition (mean age = 23.75,

SD = 3.012, 4 female and 4 male participants).

We additionally recruited 7 participants for the Solo-Controlled (S-C) condition (mean
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age = 24.714, SD = 4.716, 5 female and 2 male participants). Here, participants wore the

wrist/forearm brace component of the inter-manual exoskeleton to control for any poten-

tial restrictions from the device (i.e., wrist flexion/extension is prevented and the palm

is partially occluded). Participants in this condition self-directed their hand movements,

as depicted in Fig. 5.1B.

All participants were naive to the experiment and gave their informed consent before

participation. The study was conducted with approval from the Institutional Review

Board of the University of California, Santa Barbara. No participants reported difficulties

with sensory or motor hand function.

5.3.2 Stimuli

Figure 5.2: Haptic Stimuli: The stimuli used in this experiment are 3D-printed bell
peppers. We use the first 6 out of the 12 original set of bell peppers used in prior
experiments [2, 3, 4, 5, 6, 7] and created by Norman et. al [8]. A) The 6 bell peppers,
presented in the first orientation condition (stem facing away from the participant).
B) The 6 bell peppers, presented in the second orientation condition (stem facing
towards the participant).

The stimuli were a subset of the first six bell peppers from the original set of twelve

developed by Norman et al. [8] for visuohaptic perception of object shape and used in
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several subsequent research experiments [2, 3, 4, 5, 6, 7]. Each of the six bell pepper

stimuli were unique in size and exact shape (surface features). Two copies of each of the

six stimuli (12 shapes in total) were 3D-printed with PLA using a Bambu X1 Carbon

3D printer, after being scaled to 80% of their original size. Small magnets and a circular

platform were attached to the bottoms of the stimuli, such that they could be temporarily

fixed to a flat magnetized surface during the duration of a trial and replaced for the next

trial. The stimuli, depicted in Fig. 5.2, were presented in one of two possible orientations

(stem facing towards or away from the participant).

Stimuli were occluded from view of responding participants using a curtain in all

conditions. In the coupled condition (C-G, with device), the guiding hand had vision of

the haptic stimuli, but the guided hand did not.

5.3.3 Device

The guided exploration (C-G) experimental group employed the inter-manual cou-

pling exoskeleton developed by Dinulescu et al.; we briefly describe the design of the

device here, but for more comprehensive description, refer to [182].

The device (shown in Fig. 5.3) was designed such that two participants’ right hands

were arranged in a vertical configuration, separated by a distance of 200 mm. The

exoskeleton consists of three main components: wrist/forearm coupling (rigid linkages),

finger couplings (rotary joint linkages), and thumb coupling (universal joints, two hinges,

and a sliding mechanism). The plastic links for the digits, as well as the wrist and forearm

bracelet fixtures, were 3D-printed with carbon-fiber reinforced PETG, using a Bambu

X1 Carbon with AMS. Linear motion shafts (McMaster Carr) were used between the

3D-printed wrist bracelets for the sliding component of the thumb coupling mechanism.

Laser-cut acrylic was used as the final rigid coupling link between the forearms.
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Figure 5.3: Guidance Device: The inter-manual exoskeleton used in the Cou-
pled-Guided Exploration (i.e., C-G) condition, enabling one person (top hand) to
guide the hand movements of another person (bottom hand). A) The coupling link-
age mechanism for the non-thumb digits. The proximal and medial phalanges of two
people are coupled together by the ring-linkages, and the distal phalanges are coupled
via a cage-structure for the guiding hand and a fake nail with a rotary joint for the
guided hand, leaving the fingerpads free for exploration. B) The coupling linkages
on the fingers form a serial chain of four-bar parallelogram mechanisms that transfer
finger extension and flexion from guiding to guided hands. C) The rigid wrist and
forearm coupling structure, as well as the thumb coupling mechanism (double-hinge
mechanism, terminating in two universal joints). D) The full hand coupling mech-
anism enables the transfer of whole hand movements, from guiding (top) to guided
(bottom) hands during haptic object exploration.
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The wrist and forearm coupling mechanism operates as a base constraint, fixing the

hands of both participants at a vertical distance of 200 mm. This enables the forearms

and palms of each participant to move as one rigid body. The coupling mechanism

consists of two braces (Dorsal Carpal Tunnel Splint made by RCAI) that are coupled

via 3D-printed bracelet components, laser cut acrylic links, and linear motion shafts.

The mechanism prevents wrist extension and flexion and supports the forearms of both

participants. Velcro attachments fix the coupling exoskeleton to the forearms and palms

of each participant. This component of the mechanism is depicted in Fig. 5.3C.

The device further employs rigid links with rotary joints (Fig. 5.3A) to reproduce

extension, flexion, abduction, and adduction movements of the non-thumb digits. To

couple the medial and proximal phalanges, plastic links (length 200 mm, 1-DOF rotation

per phalanx) were attached to the fingers using double-sided adhesive. To couple the

distal phalanges, a fake nail, UV-cured with manicure gel, was temporarily attached to

the guided participant’s fingernail, leaving the fingerpad free, and the guiding finger was

fit into a “cage”-like bracket and secured with double-sided adhesive. When all finger

linkages are attached to distal, medial, and proximal phalanges, the coupling mecha-

nism forms a kinematic chain of four-bar parallelogram linkage mechanisms, in series, as

depicted in Fig. 5.3B.

The thumb coupling mechanism (Fig. 5.3C) employs two universal joints and a double-

hinge-slider design to restrict position of the guided thumb relative to the guiding thumb

(orientation matching is not a fixed constraint). The double-hinge-slider mechanism,

originating from the leftmost linear motion shaft at the wrist, terminates in universal

joints attached to fake nails, which are fixed to both thumb nails via UV-cured manicure

gel.

Attaching the exoskeleton device to the hands of both participants took between 30

and 45 minutes for all five fingers; the complete exoskeleton, coupling the right hands of
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two participants, is shown in Fig. 5.3D. To avoid encumbering participants with holding

the weight of the apparatus and hands in a raised position, while still accommodating

movement, the weight of the system was supported from above using elastic bands at-

tached to a metal frame surrounding the experimental region. The forearms of each

participant were supported via small cushions.

5.3.4 Procedure

We investigated haptic discrimination of object shape using a two-alternative forced-

choice (2AFC) task. Two haptic stimuli (A and B) were presented for 5 seconds each,

separated by an inter-stimulus interval (ISI) of 3 seconds. Responding participants,

who did not have vision of the task, then discriminated whether stimuli A and B were

the “same” (i.e., exact match of object shape and size, regardless of orientation) or

“different” (i.e., stimuli A and B were unique shapes, regardless of orientation). In the

guided condition (C-G), guiding hand participants were asked to move their hands in the

same manner as if they were the ones feeling the objects, whereas in the solo condition

(S-C), participants were asked to freely explore the objects.

Each participant (S-C) or participant pair (C-G) performed 48 shape discrimination

trials in the experiment (24 “same” trials and 24 “different” trials). Within the 24 “same”

trials, 12 stimuli were presented with the same orientation (Same/Same category) and 12

trials were presented with different orientations (Same/Dif category). The same can be

seen for the 24 “different” trials, where 12 trials were presented with same orientations

(Dif/Same category) and 12 trials were presented with different orientations (Dif/Dif cat-

egory). The 48 trials were presented in a random order for each participant or participant

pair.
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5.3.5 Captured and Computed Metrics

We captured two metrics in each trial: response accuracy (either 0 for incorrect or 1

for correct) and confidence in perceptual judgment (continuous, on a scale of 0-100%).

The main analysis for this work concerns response accuracy; analyses for confidence

judgments can be found in the supplementary material.

From per-trial accuracy scores, we computed discrimination sensitivity (d′), a stan-

dard metric used in signal detection theory that, in our case, quantifies a participant’s

ability to distinguish stimuli A and B as either “same” or “different.” We further com-

puted response bias (c), which indicates whether a participant’s response was biased

towards “same” (c > 0) or “different” (c < 0).

5.3.6 Primary Statistical Analysis

5.3.6.1 Discrimination Accuracy

Statistical testing was completed with Matlab R2025b and the Statistics and Ma-

chine Learning toolkit. Our main hypotheses for captured accuracy metrics across Solo-

Controlled (S-C) and Coupled-Guided (C-G) conditions were as follows:

• Accuracy in the solo-controlled (S-C) condition is greater than chance (50%). H0 :

PS−C = 0.5.

• Accuracy in the coupled-guided exploration (C-G) condition is greater than chance

(50%). H0 : PC−G = 0.5.

• Accuracy in the C-G condition is not significantly different from the S-C condition.

H0 : PS−C = PC−G.

We fit a generalized linear mixed effects (GLME) model with a binomial error distri-

bution and a logit link on per-trial accuracy data. Condition (S-C or C-G) and Category
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(Same/Same, Same/Dif, Dif/Same, or Dif/Dif) were included as fixed effects, and Subject

(i.e a unique participant or participant pair) was included as a random effect.

To test if discrimination accuracy in S-C or C-G conditions was significantly different

from chance (H0 : PS−C = 0.5, PC−G = 0.5), we performed two F-tests on a linear con-

trast of the GLME model coefficients. Because the GLME utilized a logit link function,

the null hypothesis was evaluated by testing the combined estimate of the intercept and

the condition coefficient (-1 for S-C, 1 for C-G) against a logit-transformed chance value

(logit(0.5) = 0). This contrast allowed for a post-hoc assessment of absolute performance

within the specific experimental condition, accounting for the random-effects structure

of the model.

We further conducted a one-way ANOVA to compare discrimination accuracy across

S-C and C-G groups. The F-statistic was calculated using the residual mean square error,

with dfresidual = n −m, where n is the total number of observations and m is the total

number of groups. Assumptions of normality and homogeneity of variance were verified.

5.3.6.2 Discrimination Sensitivity (d′) and Response Bias (c)

We investigated whether discrimination sensitivity (d′) and response bias (c) were

significantly different in the guided movement condition (C-G) than the self-directed

movement condition (S-C). Our hypotheses are below:

• Mean d′ values in the S-C condition do not differ significantly from mean d′ values

in the C-G condition (H0 : µ
d′
S−C = µd′

C−G).

• Mean c values in the S-C condition do not differ significantly from mean c values

in the C-G condition (H0 : µ
c
S−C = µc

C−G).

To test the above hypotheses, we performed two Mann-Whitney U-Tests on discrim-

ination sensitivity (d′) and response bias (c) metrics between S-C and C-G conditions.
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We further computed the effect size r from the following equation:

r = 1− 2Ustat

n1n2

(5.1)

5.3.7 Subjective Questionnaire

Following the experiment, participants in the C-G condition completed a 16-item sub-

jective questionnaire comprising both 10-point Likert scale responses and free responses

(presented in Table 5.1). Some questions were tailored to the specific role of either the

guiding or guided hand.

The first four questions assessed comfort of the device and the mental effort required

for the task, replicating metrics used in our prior work [182]. Based on previous ob-

servations of upper-limb fatigue in the guiding participants, we integrated a sling for

mitigating shoulder fatigue for the guiding hand, and a dedicated arm rest for mitigat-

ing forearm fatigue for the guided hand, in this experiment. Comfort and mental effort

were evaluated on scales ranging from 1, representing completely uncomfortable or not

mentally challenging, to 10, representing extremely comfortable or extremely challenging.

Questions 5 through 7 capture distinct subjective experiences of each role. For guided

participants, these items evaluated the extent to which the device-mediated guidance

facilitated or hindered their perceptual judgments, on a scale from hindered greatly (1)

to extremely helpful (10). Conversely, the questions for guiding participants evaluated

their subjective confidence in the manual guidance they provided to their partner, on a

scale from not confident at all (1) to extremely confident (10).

The final group of questions (8-16) employed a consistent Likert scale, where 1 repre-

sented completely disagree and 10 represented completely agree. Questions 8 through 10

investigated the perceived origin of movement and the sense of causation for both guiding
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Table 5.1: Post-Study Subjective Questionnaire (C-G Condition Only)

Metric Participant Question Method

Comfort All 1. How comfortable was the device attached to your
hand during the experiment?

Likert (1-10)

2. Please elaborate on your comfort level below: Free Response

Mental effort All 3. How much mental effort did you have to engage
in when completing the tasks with the device?

Likert (1-10)

4. Please elaborate on your mental effort below: Free Response

Guidance Guided 5. To what extent did the guidance of your hand
help or hinder your judgments?

Likert (1-10)

6. Please elaborate below: Free response
7. Please provide any other comments about what it
felt like for your partner to guide your hand move-
ments while you were trying to perceive the objects:

Free response

Guidance Guiding 5. How confident were you in guiding your partner’s
hand so that they could discriminate the objects?

Likert (1-10)

6. Please elaborate on your confidence level during
guidance below:

Free response

7. Please provide any comments about what it felt
like for you to guide your partner’s hand movements
in feeling the objects, without being able to feel the
object yourself:

Free Response

Embodiment All 8. It felt like my hand movements were caused by
my partner completely

Likert (1-10)

9. It felt like my hand movements were caused by
me completely

Likert (1-10)

10. My hand movements were influencing my part-
ner’s hand movements

Likert (1-10)

11. It felt as if my partner’s hand movements became
my own hand movements

Likert (1-10)

Guided 12. Having my partner guide my hand felt natural,
as if I were moving my own hand

Likert (1-10)

Guiding 12. Guiding my partner’s hand felt natural, as if I
were moving my own hand

Likert (1-10)

13. I felt as if my sense of where my hand was ex-
tended beyond my own and into my partner’s hand

Likert (1-10)

14. It seemed as if I might have more than one right
hand

Likert (1-10)

15. I felt out of my body at some point during the
experiment

Likert (1-10)

16. It felt like I was touching the objects Likert (1-10)
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and guided participants. It was hypothesized that results for self-causation in question

8 would be high for the guiding hand and low for the guided hand, while questions

9 and 10 regarding external causation would show the inverse. Finally, questions 11-16

were adapted from established frameworks such as the Embodiment Questionnaire (EQ),

which investigates sensations of ownership, location, and agency of a rubber hand dur-

ing the rubber hand illusion [183], and the Virtual Embodiment Questionnaire (VEQ),

used to assess sensations of virtual embodiment with an avatar through three factors

(ownership perception, agency perception, and change in body schema) [184]. These

items served as an exploratory investigation into how guided hand movements may affect

sensations of body ownership and motor agency over one’s movements.

5.3.8 Supplemental Analyses

Additional analyses are reported in the supplementary material. This includes 1)

comprehensive summary statistics of our captured data for accuracy and confidence judg-

ments (Table 5.2); 2) overall mean accuracy and confidence judgments per participant, as

well as separated by category (presented in Fig. 5.7); 3) comprehensive analysis of GLME

models across solo and coupled conditions, including interaction effects for Condition x

Category (Tables 5.3, 5.5) and post-hoc pairwise comparisons (Tables 5.4, 5.6); and

4) a linear mixed effects (LME) model analysis for confidence judgments across solo and

coupled conditions, including interaction effects for Condition x Category (Table 5.7) and

post-hoc pairwise comparisons (Table 5.8).
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5.4 Results

5.4.1 Discrimination Accuracy

Mean shape discrimination accuracy in the solo (S-C) and guided (C-G) condi-

tion was 80.4% and 68.2%, respectively. Accuracy was significantly greater in the

solo condition than the coupled condition (GLME: p = 0.007, F (1, 520) = 7.3). Accu-

racy in both conditions was significantly greater than chance performance of 50% (S-C:

p < 10−5, F (1, 520) = 98, C-G: p < 10−5, F (1, 520) = 23.3).

5.4.2 Discrimination Sensitivity (d′) and Response Bias (c)

Results for S-C and C-G discrimination sensitivity (d′) and response bias (c) metrics

are depicted in Fig. 5.4. Mean d′ values in the solo (S-C) and coupled (C-G) conditions

were 1.734 and 0.94, respectively. These differences were significant (Mann-Whitney:

p = 0.047, U = 3.0, r = 0.786). In the coupled condition, d′ was approximately one

standard deviation from chance; in the solo condition, it was over 1.5 standard deviations

above chance.

Mean c values in the solo (S-C) and coupled (C-G) conditions were -0.027 and 0.131,

respectively. Response bias in the solo condition skewed slightly negative (negligible

tendency towards responding “different”) and in the coupled condition skewed slightly

positive (negligible tendency towards responding “same”). These differences were not

significant (Mann-Whitney: p = 0.636, U = 17.0, r = 0.214).
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Figure 5.4: Discrimination Sensitivity (d′) and Response Bias (c) – S-C and
C-G : We compute mean discrimination sensitivity (d′) and mean response bias (c)
metrics per participant, as well as across each group. Here, discrimination sensitivity is
higher in the solo-controlled (n=7) versus coupled-guided (n=4) conditions. However,
coupled-guided discrimination sensitivity remains about one standard deviation higher
than chance accuracy. Mean response bias between solo and coupled conditions is
similar.

5.4.3 Subjective Questionnaire

5.4.3.1 Likert-Scale Questions

Participant responses to questions 1, 3, 5, and 8-16 (all Likert responses, scale 1-10)

are depicted in Fig. 5.5.

For question 1 (comfort of the exoskeleton), both guided and guiding participants

rated the device as highly comfortable (Meanguided = 8.50, SDguided = 0.577,Meanguiding =

7.75, SDguiding = 0.957). For question 2 (mental effort during the task), guided par-

ticipants rated their effort as moderately significant (Meanguided = 7.00, SDguided =
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Figure 5.5: Questionnaire responses (Likert scale): We present results from
Likert scale responses on our subjective questionnaire for the coupled-guided explo-
ration condition, with guided hand results shown in A) and guiding hand shown
presented in B). Question 1 represents comfort of the exoskeleton; question 3 rep-
resents mental effort during the task; question 5 assesses perceived effects of either
guiding movements or being guided; questions 8-10 represent experiences of origina-
tion of hand movements; questions 11-16 are exploratory and ask about feelings of
body ownership and agency during the experiment.

1.414, whereas guiding participants rated their effort as moderately low (Meanguiding =

3.75, SDguiding = 0.50).

For question 5 (guidance helped or hindered), administered to the guided hand partic-
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ipants, the received guidance was rated as moderately helpful for perceptual judgments

(Meanguided = 7.00, SDguided = 2.161). For question 5 (confidence in guidance), adminis-

tered to the guiding hand, most participants were moderately confident in their provided

guidance (Meanguiding = 7.50, SDguiding = 1.732), with one outlier observed (response of

5).

For question 8 (hand movements were caused by my partner completely), guided

participants rated this as moderately high (Meanguided = 7.50, SDguided = 3.00) and

guiding participants rated this as moderately low (Meanguiding = 3.25, SDguiding = 3.202),

as expected. However, there was an outlier data point in the guiding hand (response of

8), which we interpret to be a misunderstanding of the Likert scale response or phrasing

of the question.

For question 9 (hand movements were caused by me completely), guided participant

responses were very low (Meanguided = 2.00, SDguided = 1.414). On the other hand, guid-

ing participant responses were moderately high (Meanguiding = 7.50, SDguiding = 3.697).

Here, there is another outlier point (response of 2), which we interpret again to be a

misunderstanding of the Likert scale response or phrasing of the question.

For question 10 (my hand movements were influencing my partner’s hand movements),

guided participant responses were moderately low (Meanguided = 4.00, SDguided = 4.083),

with an outlier observed (response = 10), which we again attribute to either a misinter-

pretation of the question or the Likert scale. Guiding participant responses were very

high (Meanguiding = 9.50, SDguiding = 1.00), as expected.

The results from questions 8-10, when removing outlier responses, indicate that the

inter-manual exoskeleton is performing as intended – enabling one person to guide the

hand movements of another person.

For question 11 (it felt as if my partner’s hand movements became my own hand move-

ments), both guided and guiding participants slightly agreed (Meanguided = 6.25, SDguided =
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2.753,Meanguiding = 5.75, SDguiding = 2.217). This indicates that there was some blending

of sensations of agency (i.e., control) over the performed hand movements, which occurs

via the haptic system for the guided hand, and via the visual system for the guiding

hand.

For question 12 (either providing or receiving guidance felt natural, like moving my

own hand), guided participants were neutral in their response for receiving guidance

(Meanguided = 5.00, SDguided = 2.449). On the other hand, guiding participants rated the

sensation of providing guidance as moderately natural (Meanguiding = 7.00, SDguiding =

2.828). This indicates that the experience felt more natural to guiding hand participants

than guided hand participants.

For question 13 (sense of hand extended into partner’s hand), guided participants

slightly disagreed (Meanguided = 4.25, SDguided = 3.862) and guiding participants slightly

agreed (Meanguiding = 5.75, SDguiding = 2.217). There was one outlier in both conditions

with high ratings (guiding = 9, guided = 10). Our results indicate that some participants

may experience a slight alteration of body ownership during the coupling experience.

For question 14 (sense of having more than one right hand), both guiding and

guided participants slightly disagreed (Meanguided = 4.50, SDguided = 3.697,Meanguiding =

3.50, SDguiding = 3.786). This indicates that our participants (both guiding and guided)

did not experience the sensation of having more than two hands.

For question 15 (I felt out of my body at some point), guided participants responded

with moderately agree (Meanguided = 6.50, SDguided = 3.317) and guiding participants re-

sponded with moderately disagree (Meanguiding = 3.25, SDguiding = 3.304). This indicates

that guided participants may feel a slight change of their body awareness.

For question 16 (It felt like I was touching the objects), guided participants responded

with completely agree (Meanguided = 9.75, SDguided = 0.50), and guiding participants

responded with moderately disagree (Meanguiding = 3.50, SDguiding = 1.914). These ex-

107



Haptic Shape Perception via Guided, Whole-Hand Exploratory Movements Chapter 5

pected results indicate that cutaneous sensation of the objects was intact for guided

participants but not for guiding participants, which is the intended experience via the

inter-manual exoskeleton.

5.4.3.2 Free Response

Both guided and guiding participants’ free responses to comfort of the exoskeleton

(question 2) indicated that the device was generally comfortable. Some participants (n

= 2) noted slight fatigue and discomfort in the upper arm/shoulder over time, as a result

of maintaining a similar posture. Some participants (n = 3) described the sensation

as “weird” or “unfamiliar” but not uncomfortable. Some participants (n = 4) noted

slight pulling sensations at the thumb nail that were mildly uncomfortable at times, but

tolerable, due to the configuration of the thumb coupling mechanism.

In response to their mental effort during the task (question 4), guided hand partici-

pants reported a significant amount of concentration and mental effort needed to perform

the task. They had to create a “mental map” of the objects based on the guided move-

ments and incoming cutaneous sensations, and they needed to retain this in working

memory when feeling the comparison stimulus. One guided participant described the

inability to fully explore the object by themselves as hindering their judgments, as they

required more effort and focus to perform the task.

In response to their mental effort during the task (question 4), guiding hand partic-

ipants reported higher mental effort at the beginning of the task, as it took a couple

of trials to understand the range of motion of the device and how to properly convey

distinguishing features in the allotted time. However, all participants (n = 4) reported

that the mental effort decreased to minimal once they adjusted to movements with the

device.

In response to question 6, half of the guided participants (n = 2) responded that
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the guidance was extremely helpful for perceiving the objects, but the other half (n =

2) indicated that it hindered their ability to perceive specific features that they wanted

more time to feel. In response to question 6, all guiding hand participants reported high

confidence in guiding their partner’s hands, especially after they adjusted to the device

(n = 4). One participant reported that they felt most confident when the use of the

thumb provided the most salient distinguishing features (such as conveying general size

of the stimuli).

In response to question 7, most of the guided participants (n = 3) responded that

in some cases, the way their partner was moving their hand was counter to the ways in

which they would have directed their hand. In response to question 7, one guiding par-

ticipant described the experience as “like a video game,” and another guiding participant

described their partner’s fingers as “moving in a manner that I’d imagine I would my

move fingers if I was under some kind of local anesthetic. Just not fully in control.” One

participant described it as difficult to guide their partner due to interference from the

rings of the medial and proximal phalanges, having to rely on guiding only the fingertips.

5.5 Discussion

It is expected that haptic discrimination accuracy during self-directed hand move-

ments (S-C condition) is above chance. However, our finding that haptic discrimination

under guided movement (C-G condition) results in above-chance accuracy indicates that

guided movements support haptic perception, which contributes to the understanding of

how hand movements inform haptic perception of object properties in three dimensions.

We additionally found that haptic discrimination accuracy and sensitivity under

guided movement conditions is lower than self-directed movement conditions. This may

indicate that deliberate motor intention and coordination, as seen with self-directed hand
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movements, may be more helpful when discriminating between objects with complex fea-

tures, such as the bell pepper stimuli employed in this experiment. Furthermore, it could

reflect variability in the guiding movements provided to the guided participant – some

guiding participants relied on stroking movements across the surfaces of the object, some

guiding participants only directed the bottom hand towards visually distinct features,

and some guiding participants attempted to convey general shape to the guided hand by

performing enclosure movements, all within a five-second time window.

However, the observed disparities may also be attributed to the mechanical constraints

of the inter-manual exoskeleton. The integration of 3D-printed linkages and rings on the

medial and proximal phalanges introduces potential occlusion of the skin from receiving

cutaneous feedback; in fact, this was reported by participants in the subsequent ques-

tionnaire. Furthermore, the increased thickness of the distal phalanges, caused by the

fingertip linkages, may alter the effective morphology of the digit, potentially limiting

the ability to feel inset topographical features of the stimuli. Despite these potential con-

founds, the persistence of above-chance performance in the guided movement condition

underscores the finding that hand movements need not be self-directed to inform haptic

perception.

We did not find any significant differences in response bias (c) between self-directed

and guided movement conditions, indicating that the effect of the inter-manual exoskele-

ton did not affect tendencies towards “same” or “different” responses. This consistency

in response bias across groups underscores the device’s ability to be used in perceptual

experiments.

Results from our questionnaire indicate that there may be slight changes in body

awareness and agency with guided hand participants only (out-of-body sensations, guided

movements feeling as if they are self-directed), whereas guiding participants do not expe-

rience these changes. These results are all exploratory, and more comprehensive investi-
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gations of these experiences should be investigated with other methodologies. However,

they present an interesting avenue for investigation into how a shared haptic experience

between two people, through inter-manual, multi-finger guidance, can potentially affect

aspects of embodiment in the guided hand.

5.6 Conclusion

This study represents the first investigation into the ability to haptically discriminate

realistic and complex three-dimensional objects under multi-finger (including thumb),

guided movement conditions (i.e., hand movements are not self-directed but are instead

guided by another person). Here, an inter-manual exoskeleton [182] enables one person to

guide the whole-hand movements of another person. We compared haptic discrimination

accuracy, discrimination sensitivity, and response bias on a two-alternative forced choice

task between self-directed movement (i.e., solo-controlled, with exoskeleton brace) and

guided movement (i.e., coupled-guided exploration, with exoskeleton) conditions. This

builds off of prior literature in haptic perception of object properties [20, 21, 18, 53, 52]

using similar stimulus sets from prior haptic perception experiments [5, 4, 6].

We show that despite a short time window to explore two objects (5 seconds each),

participants in the guided movement condition (with exoskeleton; C-G condition) achieved

above-chance discrimination accuracy, but lower discrimination accuracy when compared

to solo (self-directed movement) conditions. Corroborating these results, discrimination

sensitivity (d′) in guided movement conditions were also found to be significantly dif-

ferent from self-directed movement conditions. Taken together, these results indicate

that even when finger movements are externally-directed (here, guided by another per-

son), the somatosensory system can effectively extract perceptually salient features of

objects with complex geometry. We can further extrapolate that the internal predictive
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models, usually employed to coordinate and self-direct human hand movements, may

not be necessary for haptic perception of exact shape, although further investigation is

necessary.

The inter-manual exoskeleton presented here contributes to recent research where

haptic guidance devices engage the whole hand, rather than relying on single-digit force-

feedback. With the rise of robotic hand exoskeletons for guiding the human hand in

haptic manual interactions, our results show promise for the utility of whole-hand guid-

ance devices without significantly impairing haptic perceptual abilities. This is critical for

motor learning and rehabilitation, two areas in which such haptic whole-hand exoskele-

tons show immense promise [174, 144, 117, 92, 171]. We further highlight the effectiveness

of such whole-hand haptic devices for guidance in examining underlying mechanisms for

sensation and action, building on two-dimensional experimental platforms such as the

TDS [55].

Future work will address mechanical limitations of the device, including limits to

range of motion and lateral interference from finger linkages, as well as explore haptic

perception of other object properties via whole-hand guidance, including weight and

compliance, which utilize other manual exploratory procedures. Such future work will

further clarify whether exploratory procedures need to be self-directed when perceiving

objects and their properties.
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5.8 Supplementary Material

5.8.1 Supplemental Experimental Group – Solo (Free Hand)

As a supplemental experimental group, we recruited 6 participants for the Solo-Free

(S-F) condition (mean age = 29.333, SD = 7.474, 3 female and 3 male participants). Here,

participants freely interacted with the stimuli as seen in Fig. 5.6. We conducted the same

two-alternative forced-choice task with this group to investigate whether the brace and

forearm components of the coupling exoskeleton, experienced in the Solo-Controlled and

Coupled-Guided cases, affect haptic discrimination accuracy. Results from this condition

are additionally reported below.

Figure 5.6: Free Exploration Experimental Condition: A participant in the
solo-free hand condition retains the ability to self-direct movements during the two-al-
ternative forced-choice discrimination task.

5.8.2 Summary Statistics

We computed summary statistics of our two captured metrics (accuracy and con-

fidence judgments) across all three captured conditions: Solo-Free Hand (S-F), Solo-

Controlled (S-C), and Coupled-Guided (C-G). Summary statistics are reported in Table
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5.2.

Table 5.2: Descriptive Statistics for Accuracy and Completion Time Metrics across
Experimental Conditions

Condition Metric Mean SD Min Max

S-F accuracy 0.774 0.076 0.625 0.833
confidence 73.826 7.775 65.208 83.438

S-C accuracy 0.804 0.078 0.688 0.917
confidence 65.640 6.912 57.083 76.562

C-G accuracy 0.682 0.039 0.625 0.708
confidence 67.891 3.905 63.958 71.979

5.8.3 Discrimination Accuracy and Confidence Ratings across

Experimental Groups

We depict the distribution, center, and spread for each of our captured metrics (ac-

curacy and confidence judgment) in Fig. 5.7. Per-participant accuracy (Fig. 5.7A) and

confidence ratings (Fig. 5.7B) are computed across 48 trials and represented by black cir-

cles. Overall mean accuracy and confidence ratings are computed across all participants

in each experimental group (S-F: n = 6, S-C: n = 7, C-G: n = 4 pairs). Mean accuracy

in the guided movement condition (C-G) appears to be lower than either solo conditions

(S-F or S-C). Mean confidence judgments appear similar across experimental groups.

We additionally present per-participant and within-group mean accuracy (Fig. 5.7C)

and confidence judgments (Fig. 5.7D) across 12 trials within a stimulus/orientation pre-

sentation category (Dif/Dif, Dif/Same, Same/Dif, Same/Same) for all experimental con-

ditions. Participant discrimination accuracy in the C-G condition on the Same/Dif pre-

sentation category was found to be notably lower than all other categories, indicating

possible difficulties in discriminating orientation when the haptic stimuli are the same.

Participant confidence ratings across conditions and categories appear similar across S-C

114



Haptic Shape Perception via Guided, Whole-Hand Exploratory Movements Chapter 5

and C-G conditions, but higher in the S-F condition, indicating that perceived confi-

dence in perceptual judgments may be impaired by wearing components of the haptic

exoskeleton device.

5.8.4 Statistical Analysis

All statistical testing was completed with Matlab R2025b and the Statistics and

Machine Learning toolkit.

5.8.4.1 Solo (Controlled) versus Solo (Free Hand) Discrimination Accuracy

We analyzed whether discrimination accuracy in the S-C condition (solo, controlled

with device) was significantly different from discrimination accuracy in the S-F condition

(solo, free hand). We conducted this analysis to give us a better understanding of the ef-

fects of wearing the brace component of the device, which restricts wrist extension/flexion

and partially occludes the palm of the hand with a semi-rigid handle strap.

We ran a generalized linear mixed effects model (GLME) on per-trial discrimina-

tion accuracy. We included Condition (S-F and S-C) and Category (Dif/Dif, Dif/Same,

Same/Dif, Same/Same) as fixed effects, with Subject (i.e. participant or participant pair)

included as a random effect. The GLME model fit statistics included an AIC of 2931.9,

a BIC of 2971.8, a LogLikelihood of -1457, and a Deviance of 2913.9.

We conducted an ANOVA test for significance on the GLME model for accuracy in

the two solo conditions and report the results in Table 5.3. We observed no significant

main effect for Condition (F (1, 616) = 0.580, p = 0.447). This indicates that participant

discrimination accuracy is similar under free hand (no device) and controlled (with wrist

and palm restrictions from the device) self-directed movement conditions. This result

further indicates that our solo-control condition (S-C) is an appropriate baseline for
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Figure 5.7: Discrimination Accuracy and Confidence Judgments (By Con-
dition and Category): We present results for mean discrimination accuracy (A)
and mean confidence judgments (B) across all 48 trials. Performance in the C-G
condition is lower than the S-F and S-C conditions. We further present mean discrim-
ination accuracy (C) and confidence judgments (D) across 12 trials for each of the
four stimulus/orientation presentation categories for all conditions. C-G discrimina-
tion accuracy in the Same/Dif category was notable lower than the other categories.
Confidence judgments in the S-F condition were higher than S-C and C-G conditions.
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Table 5.3: ANOVA Marginal Tests for Solo-Controlled and Solo-Free GLME Accuracy Model

Term F -stat df1 df2 p-val

(Intercept) 123.000 1 616 3.471e-26
Condition 0.580 1 616 .447
Category 3.638 3 616 .013
Condition × Category 0.573 3 616 .633

Random Effects Group Parameter Estimate

Subject (n = 13) Intercept SD 0.247

Error Residual
√
(Dispersion) 1.000

comparison with the coupled-guided (C-G) condition in the main manuscript.

We observed a significant difference for the main effect of Category between S-F and

S-C conditions (F (3, 616) = 3.638, p = 0.013), but there was no significant interaction

effect for Condition x Category (F (3, 616) = 0.573, p = 0.633). This indicates that in all

conditions, participants performed with higher accuracy in some categories than others.

We conducted post-hoc pairwise comparisons across categories (presented in Table

5.4) to further investigate the main effect of category observed above. We observed

a significant difference in discrimination accuracy between Same/Dif and Same/Same

categories (F (1, 616) = 8.738, p = 0.019), indicating that across both solo groups (S-

C and S-F), participants had difficulty identifying that the same peppers in different

orientations are the same. There were no other significant effects for Category (p > 0.05).

Table 5.4: Post-hoc Pairwise Comparisons Across Categories for Solo-Controlled and
Solo-Free GLME Accuracy Model

Comparison F -stat df1 df2 Raw p Adj. pc

Dif/Dif vs. Dif/Same 0.859 1 616 0.354 0.709
Dif/Dif vs. Same/Dif 2.638 1 616 0.105 0.419
Dif/Dif vs. Same/Same 1.915 1 616 0.167 0.501
Dif/Same vs. Same/Dif 6.383 1 616 0.012 0.059
Dif/Same vs. Same/Same 0.217 1 616 0.642 0.642
Same/Dif vs. Same/Same 8.738 1 616 0.003 0.019
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5.8.4.2 Solo (Controlled) versus Coupled (Guided) Discrimination Accuracy

To determine whether discrimination accuracy in the C-G condition (coupled, guided

exploration with device) was significantly different from discrimination accuracy in the

S-C condition (solo, controlled with device) across stimulus/orientation presentation cat-

egories, we used a generalized linear mixed effects model (GLME) as desribed in the

methodology in the main manuscript. The GLME model fit statistics include an AIC of

2467.6, a BIC of 2506, a LogLikelihood of -1224.8, and a Deviance of 2449.6.

Table 5.5: ANOVA Marginal Tests for Solo-Controlled and Coupled-Guided GLME
Accuracy Model

Term F -stat df1 df2 p

(Intercept) 101.860 1 520 5.419e-22
Condition 7.344 1 520 6.953e-3
Category 7.108 3 520 1.094e-4
Condition × Category 1.549 3 520 .201

Random Effects Group Parameter Estimate

Subject (n = 11) Intercept SD 0.089

Error Residual
√
(Dispersion) 1.000

To test for significance, we conducted a one-way ANOVA on the GLME model for

per-trial discrimination accuracy by Condition and Category; results are reported in Ta-

ble 5.5. We observed significant differences for the main effect of Condition (F (1, 520) =

7.344, p = 0.007) and Category (F (3, 520) = 7.108, p < 0.001). The observed main effect

of Condition indicates that participant performance is lower in the C-G case, where lack of

ability to self-direct movements results in lower haptic discrimination accuracy. The ob-

served main effect of Category indicates that some stimuli were harder for participants to

discriminate than others. We found no significant interaction effects for Condition x Cat-

egory (F (3, 520) = 1.549, p = 0.201), indicating that the diminished accuracy observed

in the coupling case was consistent across stimuli/orientation presentation categories.
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We further conducted post-hoc pairwise comparisons across categories (Table 5.6) to

investigate which stimuli were harder for participants to discriminate between. We ob-

served a significant difference in discrimination accuracy between Dif/Same and Same/Dif

categories (F (1, 520) = 10.570, p = 0.006), as well as between Same/Dif and Same/Same

categories (F (1, 520) = 18.420, p < 0.001). These results indicate that haptic stimuli,

presented in different orientations, were confusing for participants. There were no other

significant effects for Category (p > 0.05).

Table 5.6: Post-hoc Pairwise Comparisons Across Categories for Solo-Controlled and
Coupled-Guided GLME Accuracy Model

Comparison F -stat df1 df2 Raw p Adj. pc

Dif/Dif vs. Dif/Same 0.777 1 520 0.378 0.378
Dif/Dif vs. Same/Dif 5.904 1 520 0.015 0.062
Dif/Dif vs. Same/Same 4.271 1 520 0.039 0.118
Dif/Same vs. Same/Dif 10.570 1 520 0.001 0.006
Dif/Same vs. Same/Same 1.468 1 520 0.226 0.452
Same/Dif vs. Same/Same 18.420 1 520 2.114e-5 1.268e-4

5.8.4.3 Linear Mixed Effects Model – Solo (Controlled) versus Coupled

(Guided Exploration) Confidence Ratings

We analyzed whether confidence judgments in the C-G condition (coupled, guided

exploration with device) were significantly different from confidence judgments in the

S-C condition (solo, controlled with device), across stimulus/orientation presentation

categories. This analysis gives us a better understanding of how participant confidence

in their perceptual judgments differs based on Condition and Category.

We employed a linear mixed effects model (LME) on per-trial confidence ratings,

as confidence is a continuous variable from 0 to 100 (%). We included Condition (S-

F and S-C) and Category (Dif/Dif, Dif/Same, Same/Dif, Same/Same) as fixed effects,

with Subject (i.e. participant or participant pair) included as a random effect. The
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LME model fit statistics included an AIC of 4565.6, a BIC of 4608.3, a LogLikelihood of

-2272.8, and a Deviance of 4545.6.

Table 5.7: ANOVA Marginal Tests for Solo-Controlled and Coupled-Guided LME
Confidence Model

Term F -statistic df1 df2 p-value

(Intercept) 1501.800 1 520 1.898e-155
Condition 0.427 1 520 .514
Category 4.207 3 520 .006
Condition × Category 0.850 3 520 .467

Random Effects Group Parameter Estimate

Subject (n = 11) Intercept SD 4.8731
Error Residual SD 17.629

We conducted an ANOVA test for significance on the LME model for per-trial confi-

dence ratings by Condition and Category; results are reported in Table 5.7. We observed

a significant main effect of Category, indicating that confidence across some stimulus

presentation categories were higher than others (F (3, 520) = 4.207, p = 0.006). There

is no observed significant main effect on condition, indicating no observed difference in

confidence ratings between S-C and C-G conditions (p > 0.05). Surprisingly, guided

participants (externally-driven hand movements) reported similar confidence levels to

solo participants (self-directed hand movements). We observed no significant interaction

effects of Condition x Category (p > 0.05).

We further conducted post-hoc pairwise comparisons of confidence ratings across

categories to investigate the main effect observed above; results are reported in Table

5.8. We observed a significant difference in confidence judgments between Dif/Dif and

Same/Dif categories (F (1, 520) = 9.151, p = 0.013), as well as between Dif/Same and

Same/Dif categories (F (1, 520) = 9.295, p = 0.014). This indicates that some stimuli,

presented with different orientations, felt harder to discriminate between for participants

across all conditions.

120



Haptic Shape Perception via Guided, Whole-Hand Exploratory Movements Chapter 5

Table 5.8: Post-hoc Pairwise Comparisons across Categories for Solo-Controlled and
Coupled-Guided LME Confidence Model

Comparison F -stat df1 df2 Raw p Adj. p

Dif/Dif vs. Dif/Same 0.001 1 520 0.981 0.981
Dif/Dif vs. Same/Dif 9.151 1 520 0.003 0.013
Dif/Dif vs. Same/Same 0.288 1 520 0.591 1.000
Dif/Same vs. Same/Dif 9.295 1 520 0.002 0.014
Dif/Same vs. Same/Same 0.315 1 520 0.575 1.000
Same/Dif vs. Same/Same 6.190 1 520 0.013 0.053

5.8.5 Extended Discussion

Our supplementary analyses included more extensive investigation of participant per-

formance across two captured metrics (discrimination accuracy and confidence in percep-

tual judgments) during the two-alternative forced-choice haptic experiment. Performance

across stimulus presentation categories (object shape and orientation) was additionally

investigated. An additional condition (solo, without the device as a control) was pre-

sented to determine whether wearing the brace component of the exoskeleton device

affected haptic discrimination abilities compared to a completely free hand.

We did not find a significant difference in discrimination accuracy between our two

solo conditions, indicating that wearing the brace component of the device, which con-

strains the wrist and partially occludes the palm, did not have an effect on haptic dis-

crimination ability.

All results from the extended statistical analysis indicated a significant effect of stim-

ulus presentation category on both discrimination accuracy or confidence judgments.

This shows a consistent trend, where participants had difficulty discriminating between

some haptic stimuli. Most prominently, the effect of orientation was confusing for par-

ticipants. In one stimulus presentation category (Same/Dif), coupled participants (C-G

condition) performed with lower-than-chance accuracy, indicating difficulties judging ob-
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jects as “same” when the orientations of the objects are presented differently. This was

not observed in the self-directed condition.

In conclusion, we present the general finding that guided hand movements are still

useful for haptic discrimination of object shape. We are the first to investigate the role

of whole-hand guidance (reproducing finger and thumb movements), through an inter-

manual exoskeleton coupling the hands of two people, on the ability to discriminate

three-dimensional objects that have complex variations in surface features. Future work

in this domain should address mechanical limitations of the device (range of motion, less

interference from linkages on the fingers) and investigate other object properties, such as

weight, surface texture, and compliance, which require other types of hand movements

(i.e., exploratory procedures). Furthermore, the effect of stimulus orientation can be

further investigated under guided movement conditions. Our findings point towards a

promising area of research in which collaborative guidance paradigms, such as the inter-

manual exoskeleton employed here, can serve as experimental platforms for decoupling

intentional motor control from haptic interactions.
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Conclusion

One of the primary ways in which we interact with our environment is through the

sense of touch. More specifically, we use the hand – a sophisticated sensory organ and a

highly dexterous tool for manipulation – to perceive features of the environment and to

functionally interact with objects [12, 11, 42, 17, 18]. Furthermore, touch is critical for

social development and is commonly used to communicate with those around us [185, 32].

Touch can be interpersonally subjective, such as conveying support via squeezing the

shoulder of a friend, or highly semantic and categorized, such as communicating words,

phrases, and sentences through tactile sign languages.

This dissertation presents an overarching vision of sharing our unique and rich touch

experiences through haptic technologies. The dissertation contributes two haptic devices

for sharing touch experiences and advances our understanding of haptic perception and

action. The first device is a smart bracelet, presented in the third chapter, which trans-

forms the skin into an input device for transcribing touch communication via tactile sign

languages. The second device is an inter-manual exoskeleton, employed in the fourth and

fifth chapters, which enables the shared experience of touching and manipulating objects

by transmitting whole-hand movements between a guiding and a guided person. Here,

fundamental, normally-coupled components of the haptic sense are partitioned across two

nervous systems, enabling experimental investigations into haptic perception and action
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under guided (passive movement), multi-finger conditions. These devices contribute to-

wards the broader goal of sharing touch experiences with others, presenting platforms

for scientific inquiry of the human haptic sense.

6.1 Summary of Findings

The first chapter presented the overarching goal of enabling shared touch experiences

between people and contextualized the current challenges preventing this goal. Predom-

inantly, touch is an active, exploratory sense that is context-dependent and relies on

deliberately-performed hand movements, which are kinematically complex.

The second chapter provided an interdisciplinary review of relevant research in the

fields of neuroscience, perception, psychophysics, and haptic engineering, to contextualize

our understanding of the human haptic sense for the subsequent chapters of the disser-

tation. It further provided considerations for the design of wearable and assistive haptic

devices that interface with the skin, which were used to design the wearable technologies

presented subsequently.

The third chapter transformed the skin into a haptic input device for transcribing and

translating tactile communication into the digital domain. The smart bracelet presented

here accurately classified tactile sign language letters, signed on the palm and fingers

of the hand, by remote sensing at the wrist. This device addressed a current need for

transcription and translation of tactile communication for those with multi-sensory im-

pairments, who rely on tactile sign languages for interpersonal communication and social

connection. The contributions of this chapter point towards a future where wearable

sensing devices can bridge the haptic digital divide.

The fourth chapter examined a shared haptic experience via an inter-manual exoskele-

ton, worn by two people, which enabled one hand to guide the movements of another
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hand. An unusual method for sharing physical haptic interactions, this device enabled

guided movements of all five fingers, including the more complex range of motion of the

thumb, of one person’s hand by another person’s hand. Furthermore, the device was

designed to partition components of the human haptic sense across two people during

guided interactions with objects. Here, the guiding hand retained the ability to coordi-

nate, plan, and execute whole-hand movements, but could not directly feel the objects

being manipulated. In contrast, the guided hand could feel the objects but could not

self-direct hand movements. The functional design of the inter-manual exoskeleton was

validated by experiments on grasping and manipulation of small objects (peg-in-hole and

shape-stacking tasks) under guided conditions.

The fifth chapter presented results from an experimental investigation into human

haptic perception of three-dimensional objects under guided multi-finger movements.

Employing the inter-manual exoskeleton presented in the previous chapter, results in-

dicated that guided movements support complex three-dimensional object perception,

although performance in the guided condition was lower than in the self-directed move-

ment conditions. Furthermore, subjective experiences under guided movements with the

exoskeleton indicated potential changes in body awareness and agency for guided hand

participants. This device serves as a platform for investigation into haptic perception un-

der guided, multi-finger movement conditions, and presents a myriad of future research

opportunities to illuminate further questions about the human haptic sense.

6.2 Future Research

This dissertation fosters promising avenues for future research opportunities, towards

the goal of facilitating technologies for sharing haptic experiences. These opportunities

are explored below.
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6.2.1 Towards Digital Haptic Interpersonal Communication via

Tactile Sign Languages

Moving forward from the work presented in the third chapter, there are several promis-

ing research avenues to fully enable digital communication through tactile sign languages.

These opportunities include:

• Facilitating real-time, letter-by-letter translation of tactile sign language. Here,

signal processing, feature extraction, and classification must occur instantaneously

(i.e., as a user is providing input) and be robust to individual signing differences.

• Using natural language processing and speech-to-text methods, which are phoneme-

based rather than letter-based, to improve classification of tactile sign languages.

• Collecting large datasets from multiple tactile sign language communicators and

interpreters to improve the ability of the model to classify tactile sign language,

robust to individual differences (such as speed of sign, shorthand notations, etc.).

• Directly working with Deafblind users to evaluate such real-time transcription de-

vices.

• Integrating such sensing (i.e., input) devices with methods for actuating (i.e., out-

putting) tactile sign language on the hand (for example, with devices such as the

HaptiComm [149]).

6.2.2 Towards Capturing and Replaying Whole-Hand Touch In-

teractions With Objects

The findings in the fourth and fifth chapters open up several future research oppor-

tunities to explore via this inter-manual guidance exoskeleton:
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• Investigate guided haptic perception of other object properties, such as weight,

compliance, or texture.

• Investigate guided haptic manipulation during tasks that involve more complex

motor planning and coordination. For example, writing with a pen or typing on

a keyboard, where cutaneous sensation may be more critical for appropriate func-

tional manipulation.

• Improve comfort and mechanical ergonomics of the device, such as preventing lat-

eral interference from the mechanism.

• Investigate more constraining mechanisms to restrict the orientation of the guided

thumb tip relative to the guiding thumb tip.

• Develop a methodology for verifying that the guided participant remains compliant,

rather than relying on subjective metrics.

• Further investigation into feelings of embodiment (such as body ownership, feelings

of agency, and body awareness) under such guided conditions. Our initial results

indicate that such an experience may influence body awareness, ownership, and

feelings of agency for guided hand participants.

Moving forward from this specific design of the inter-manual exoskeleton, there is an

opportunity for developing technologies where whole-hand movements can be captured

and replayed, outside of the context in which they were originally experienced. Here,

instead of two hands being physically coupled via mechanical linkages, a capture system

and a replay system, developed via robotically actuated components and multiple sensing

channels, can be designed to appropriately capture whole-hand movements (multi-finger,

including thumb) and replay them for a separate user – either synchronously, or at a later
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time. Such a system would enable the archival and asynchronous transmission of physical

expertise, allowing high-fidelity motor skills and tactile sensations to be experienced

outside of their original temporal or spatial contexts. Similarly to how the digitization of

audio and visual information revolutionized human communication, the ability to store,

share, and revisit complex haptic interactions suggests a future where human touch

becomes a persistent, transmissible digital asset, fundamentally altering the landscape

of remote collaboration, skill transfer, and avenues for other scientific inquiries into the

human haptic sense.

6.2.3 Considerations and Implications for Shared Haptic Expe-

riences

When designing technologies for facilitating shared haptic experiences, there must

be careful consideration towards a user’s sense of agency over body movements, sense

of self, and feelings of body ownership, which are deeply rooted in multisensory inte-

gration—specifically the congruence between internal motor commands (efferent signals)

and sensory feedback (afferent signals) [186, 1]. Qualitative findings from experiments

employing the inter-manual exoskeleton (Chapters 4 and 5) suggest that such shared

experiences may affect these aspects, especially for the guided hand. Some guided par-

ticipants explicitly stated that they preferred to have agency over moving their own

hand, describing their experiences with the words “interesting,” “strange,” and “inva-

sive” (Chapter 4). Therefore, technologies that significantly alter natural sensorimotor

integration of the body may produce adverse psychological, emotional, or physical effects

on the user. Further research into such effects during manual guidance merits significant

consideration, and it is therefore pertinent to consider the contexts and consequences

where such shared experiences can be helpful, and when they can become disruptive to
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a user’s bodily autonomy.

Sharing haptic experiences may be helpful in pedagogical, rehabilitative, product-

development, or high-risk settings, where a certain aspect of a haptic interaction is desired

to be transferred from the guider to the receiver. Examples include:

• Sharing the experience of achieving a stable grip, versus the feeling of an unstable

grip, during teleoperation training of novice users. Applications that involve tele-

operation include high-risk tasks such as bomb diffusion, waste management, and

disaster response.

• Learning the haptic properties of manual crafts, sports, and other skills through

feeling the experiences shared by a skilled user. For example, an experienced pilot

can share how it feels to control their paraglider in different wind conditions, or

can simulate sensations of what incidents with a paraglider could feel like during

SIV (Simulation d’Incidents en Vol) trainings, to novice users.

• Informing the control algorithms for robotic prosthetic appendages or motor re-

habilitation exoskeleton devices via human-guided movements, using capture and

replay methodologies. This could yield more effective techniques for rebuilding

neural connections in the brain, informed by natural hand movements.

• Maintaining haptic archives, recorded from one person, that can be revisited by

anyone. This could include archival data of a company’s products, where users can

feel certain products before buying them (such as the texture of a piece of clothing,

the size and weight of a laptop, the resistance in the keys of a piano, or the stiffness

of the joysticks in a gaming controller).

However, there are contexts through which shared haptic experiences may disrupt a

user’s sense of agency and autonomy, or a user can be otherwise put at risk. Examples
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could include:

• Overwhelming of the tactile sense with externally-produced sensorimotor infor-

mation by haptic technologies. Indeed, certain individuals may already be more

sensitive to touch, so the feedback provided during shared touch experiences should

be adaptable to fit the user’s needs.

• Increased risk for bodily harm or injury due to parts failure or misuse of such

devices.

• Violation of a user’s peripersonal space, which is the space surrounding the body

where we can reach out to contact people or objects, and is informed by multisensory

integration [187]. Technologies for sharing haptic experiences collapse this zone,

interfacing directly with the skin. When technologies are driven by externally

produced movements, this may produce effects similar to being touched without

consent in the physical world.

• Overreliance and dependence on the technology, rather than prioritizing physical

experiences. This could result in overconfidence in trained skills through such

technologies, which may have serious implications for the personal safety of the

user.

Overreliance and dependence have also been seen with existing personal devices, such

as cell phones, smart watches, computers, and other technologies. Our cell phones and

laptops serve as extensions of our memory capacity, able to store terabytes of information

such as phone numbers, addresses, photographs, videos, text documents, voice recordings,

and many others. They also serve as direct lines of communication to billions of people

across the world, and enable us to access real-time updates about world affairs and

emergencies. These technologies, particularly the cell phone [188], are being increasingly
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incorporated into the sense of self, which yields both positive and negative effects on

the user. When designing technologies for shared haptic experiences, these consequences

must also be considered.

Another concern, prevalent with current technologies such as cell phones, smart

watches, and ring devices, includes maintaining the security and privacy of stored biomet-

ric data. Personal devices can already track habits such as sleep, physical activity, heart

rate, and stress levels. Capture and replay systems for shared haptic experiences could

store data, including temporal and kinematic properties of performed hand movements

and mechanical skin responses, which are highly personal and potentially identifiable.

Maintaining the privacy and security of haptic biodata is a consideration that must be

addressed, as the misuse or sale of such data may pose a significant risk to the individual.

Taken as a whole, designers for technologies that share haptic experiences should

consider the context in which the devices will be used, the amount of kinesthetic and

cutaneous feedback that is transmitted to the hand (and offering opportunities to fine-

tune feedback), and the potentials for risk – including physical harm, misuse of data,

changes to sense of agency, and alterations to peripersonal space.
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