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Abstract

My research is driven by the question: Why aechnologies for generating the sense of
haptics (e.g., vibration), so much behind those for vision (e.g., 3D headsets) and audio (e.g., high
fidelity headphones), on our personal computing devices?

While haptic devices that provide more expressive and realistic sensations, including the
sense of touch and forces, have been around mainly built for teleoperation and specific use in
Virtual Reality, | argue that it is not trivial to bring these haptievces directly to mobile and

wearableinteractiongo the interactive paradigm that has prevailed in recent decades.

In this dissertation, | examine the fundamental challenges behind this transition of haptic
devices from stationary use to mobile use, and propose novel systems including software and
hardware, to solve these challenges in different approacheso®panying technical & user
study validationsand new interactive applicationd demonstrate a roadmap toward a new

generation of haptic devices that will enable haptic experierargsvhere andanytime.
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Introduction

Mobile and wearable devices accompany us wherevegad hese devices opened new ways
to assist users in reaime by delivering visual or auditorynformation. While haptic feedback
has been an important factor in more immersive and dexteroyepanceq141, 176]it is still
left at a minimum (e.g., only simple vibrations for notifications)y research is driven by the
guestion: What fundamental restrictions aimiting the advancement of haptics towards mobile
and wearable, and, more importantly, can we tackle thesentble a world wherenore
hapticsis possibleanywhere & anytime?

| argue that roadblocks come from the fact that immersive haptic deyvitese that can
provide the sense of touch, forces, eteere engineered as a pieceiofrastructure, rather than
aspersonal devices Existing haptic deviceswhile rendering realistic sensesre usually
stationary (i.e., they work well in hospitals for surgical trainirendin Virtual Reality (VR )or
iImmersive experiences in theme park¥hey aredesigned with thanain goal of optimizing the
rendering of virtualsensaibns[153, 161]in other words, achieving highhaptic fidelity. These
realistic hapticsensationgre typically realizedy integrating manyactuators that offer various
haptic modalities (vibration, pressure, temperature, etdrjfortunately, & more actuators are
added to the device to increase realigime devicebecoms larger and heavier In addition, D
effectively deliver haptic sensations, the devices are often designée tsel in a placewith
maximum resources (e.g., space, power) and minimal distractiags (eise, multitaskg).
These ways of thinking abowptimizing haptic fidelity left haptics to béargely explored invR

or use cases where the usergslatedfrom their context(e.g., robotic teleoperation)



Towards haptic experiences anywhere, anytime

In this dissertation, | reenvision the use of haptic devices and demonstrate that we can bring
the benefits of haptics to the most important interactive computing paradigmebile &
wearable and soon to beAugmented Reality (AR. | envision more hapticso be experienced
anywhere, anytimee.g., the user can type anywhere and feel the touch from virtual keyboards
or interfaces feel any shape or textures when interacting with 3D models, or feel the faces
their limbsfor training when exercigg outdoors. However, | posit that fundamental challenges
exist behind this developmeritidentify and examine the challenges when applying haptics to
mobile and wearable contex{e.g., blocking realorld sensations and tasks, failing to work
effectively under diverse mobile context$)argue that if they are not solved, their applications

can be greatly limited, i.etemain only for Virtual Realityor teleoperation
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Figurel: Structure of the dissertation.

Extending the traditional challenge of delivering high haptic fidelity, | put forward additional
challenges for engineering haptic devices for mobile and wearable sceffaigosel): balanang
real & virtual sensations(Part I); andadaping to mobile contexts(Part 11). | demonstrate how
| address them by developing novelsearch prototypesvolving new hardware and software

systemswith technical and user evaluation



Furthermore taking into consideratiorthese challenge$.envisionnew opportunities (Part
[II') with a research prototypéo illustrate the potential benefits of having haptics as everyday
physical assistancir Blind users

The individual components presented and explored in this dissertation were published at

ACM CHI and ACM UIST.

Contribution

My research advances in the field ldiptics and Human-Computer Interaction (HCI) The

key contributions include:

1. Proposing new directions for haptic researchMy research extedsand transformghe
research from the traditional field of haptics tmultimodal interactions including
wearable computing and Augmented Reality.

2. Novel haptic mechanismsand system design| propose novel research artifacts,
including anoriginal mechansm for delivering hapticf200]anda computationakystem
for rendering haptic§201}

3. New applications &user evaluations. push the boundary of haptic research byilding
new haptic applications andonductingnew userstudies in mobile scenariggcluding

repairing in Augmented Reality outdoorgl96, 20Q}that are rare in pior works.



Part | 6 Challenge Balancing virtual & real-world sensations

Haptic devices have largely been exploredsolationf r om consi de phgsicalons of
interactions with surrounding objects. In other words, almost all of the tactile devices in the
stateof-the-art were designed tooptimize the realism of the sensations that the device
communicates to the usg153, 161{or haptic fidelity, the degree of realism replicating physical
sensations)but rarely cmsidering the fact that users also need to feleysical objects(e.g., any
tool users are operating, putting blapticoméda a VR
researcheDavid Parisihasput it well observing how commercial haptic gloves and sings/e
beenstrugging to attract users in the mark§162] Th&benefits of sending hands into simulated
haptic space may not be worth the costs of surrendering them to the intedface.

| argue againstpursuing haptic fidelity being the sole design objective that drives the
development of hapticevices and instead, | propose that researchers & practitioners should
also optimizethe fidelity of the real-world haptic sensationsthat the device allows the user to
feeleven while wearing it. For instance, haptic
and palms might offer excellemirtual haptic fidelity (e.g., allows to feel haptic feedback that
improves typing on a virtual keyboard) but drastically sacefieal-world haptic fidelity (e.g.,
it would impair users while typing on a physical keyboar@ne can takean analogy from
Augmented Realitylisplays such agptical or video se¢hrough headsetsvhichaim topreserve
the realworld vision. Instead of preserving the lights, haptic devices should preserve the
properties that consist of haptic fidelity from the real world, includisgnse of touchskin
deformation, textures, temperature, and so forBreserving haptic fidelity will increase our
manualdexterity in physicaltasks andallows haptic devices to be integrated with in the real

world more seamlessly



In contrast to pursuing only virtual haptic fidelity in traditional haptic devicgt8, 77, 104,
128, 176, 185, 207, 228y research has advanced haptics to be less obstructive, swaffeang
hapticsthrough very thinactuators[74, 129, 220]

| show thatwe canventure more into realworld haptic fidelity Figure 2). | proposetwo
approaches in the following sections includingvealing part of the fingerpadto preserve more
tactile perception of reaWorld objects Haptic Permeabilityf196] and leaving the entire
fingerpads free when the user is not interacting with virtual interfacethrough foldable

actuators Touch&Fold200]
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Haptic permeability. increasing dexterity oftactile devices

@ existing skin-based .. we increase enable dexterous
tactile devices  haptic permeability activities in mixed reality

feel more grasp more
accurately easily

Figure3: We propose & evaluate how addirlesto electrotactile devices significantly
i mproves the haptic usersé abilities.Photos dext e
taken by author unless otherwise cited

Motivation for hapticsof the virtual and the real world

Feeling haptic cues using our fingerpads is how we achieve precise tasks in the physical world
(e.g., pick up a match, press tarts, feel fabrics, and more). Inspired by the crucial role of
fingerpad tactile cues, haptic devices have been developed to enable users to also more accurately
interact with virtual environments. These devices typically provide precise haptic feedback by
attaching mechanical or electrical actuators directly on our fingerpads, which allows the haptic
device stimulate the touch owirtual interfaces (e.g., VR04, 128, 161, 177, 228[61, 200}

In recent years, to improve the usability & minimize encumberment of these tactile haptic
devices for the fingerpads, many researchers have moved away from thick actuators (e.g.,
vibration motors) and, instead, focused on tactile haptics via thin deyéde220Pone successful
example of this is electrotactile stimulatiof®9, 22Q]

Electrotactiledevices can be engineered to be thiQ0 um)which allows the user to still
feelsomesensationglespitethe fact that their fingerpads are covered by the electrode film, e.g.,
pressure, compliance and even some macro feafefortunately, researchers also found

evidence that even thin films impair haptic perceptifitb7]



We argue that minimizing the thickness of these haptic actuators alone is not enough. Our
field needs to be equipped with more approaches to balance how much a tactile device impairs
feeling the real world vs. how accurate it can deliver virtual sensatidrtsus, we propose &
evaluate how adding holes to electrotactile devices enables haptic permeability, i.e., allowing
one's skin to directly make contact with the reabrld via the hoks.

Our approach, which we depict in Figure 1, offers design flexibility, and can be used in four
ways, each with their own tradeoffs: ($vapping unused spac€?)rearranging thetraces, (3)
rearranging theelectrodesand(4) replacing electrodegor addingholepurposefully trading
off some virtual rendering for more permeability to feel physical cues.

In our studies, we found that haptic permeability resulted (1) improved perception of
tactile featuresby 17%(e.g., orientation of tactile gratingsas found in our Study)land (2)
improved force control in grasping tasky 34%e.g., less grasp force needed while graspasg
found in our Study P Finally, in our Study 3, we found that even in its most extreme design
option (i.e., replacing electrodes with hol es.
useful to participants since was easier to perform dexterous assembly tasks in mixed reality.

Taken together our three studies validate howr@approachenables users to retain more
dexterity, which ultimately opens the design space for haptic de@ie®ther words, if users
can manipulae small objects& feel fine textures we can ope+up haptics to new interactive

domains heavily involving toelise.

Prior work towards less cumbersome haptic devices

The work presented in this paper builds on the field of haptics, with particular emphasis on
tactile haptic for the fingerpad. Giverour goalof uncovering new ways to allow users to feel
realworld surfaces under their fingerpads, we focus on electrotactile interfaces, which are built

7



from thin-film actuators, most suitable for interactions involving feeling virtual & real objects.
Thus, we succinctly review the field of electrotactile stimulation (yet a more complete review
can be found af113). Especially, we turn our attention to how researchers have explored the
thickness of electrotactile films to ipnove the amount of sensation felt through the film, despite
how it covers their fingerpads completedhis is where we take inspiration for proposirfgptic

permeability(via holes).

The role of touch in our interactions

Touch sensitivity is a crucial mechanism in enabling users to perform dexterous tasks and
discriminate subtle textures. Mechanoreceptors under our skin contribute to this remarkable
tactile sensitivity by translating forces and vibrations felt at the skamerve signals that we can
make use of while interacting with the world (e.g., these are needed for any type of physical
manipulation, from simply pressing a button to grasping an object without slipping). Given the
aforementioned importance of the fingead in mediating most of our physical interactions with
tools, technology and each other, it is not surprising that it is one of the most sensitive areas of
our skin[ies].

Texture Discrimination. Texture discrimination at the fingerpad is important for many tasks
such as recognizing different fabrics, physicians detecting abnormal tissue textures, or factory
workers detecting defects. Tactile receounder the skin include mechanoreceptors (for
vibration, pressure, deformation), thermal, and chemical reced&tks Naturally, materials that
we touch stimulate many of the receptors (e.g., it creates vibrations, deformations on the skin,
conducts heat) and, temporally, this forms the sensation of teXtL68] Besides the sensitivity
to the intensity of multiple stimuli, spatial acuity in a patch of skin (i.e., how well we can perceive
tactile sensations in a location) is critiéit correlates with the density of the mechanoreceptors
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in that area[86]. Fingerpads are one of the densest tactile zones and can detect stimuli within the
distance of 22 mm, compared to 40 mm at the foredd65]

Grip Control. Our ability to grasp objets firmly with our fingers without slipping relies
heavily on tactile sensitivity to precisely sense frictiph84, 214]Receptors can sense micro
deformation of the skin that is in contact with the object and thereby adjust the required force
to grasp it. The ridges on our fingerpads (which form the fingerprint) and the sweat glands form
a dynamic regulated system thatrcadjust the moisture and maximize the friction of the skin
[6, 103, 236Altogether, these featusehelp us grasp with optimal force (by using the least energy

needed).

Towards less encumbering tactile interfaces: actuators that conform to skins (e.g., soft, films, etc.)
Historically, most tactile devicesere engineered using rigid & thick mechanical actuafors

the most popular (still today) are vibratiemotors. While these offer some advantages in their

low-cost, control simplicity, and haptic capabilities, researchers have realized that their

inflexibility (mechanical rigidity) limits their applications. As such, in the last decades, much

attention has been devoted to engineering devices that conform better to the user's body (e.g.,

on-skin devices, epidermal devicg8), 159] This led to research in soft and thin actuat¢i9],

including microfluidic actuator$61, 62] magnetic actuatorfl49, 234[dielectric elastomerd 10,

232] piezoeletric actuation[84, 241]While all of these are promising, they are still mechanical

devices, thus inheriting their limitations (e.g., a dewiwith moving parts taks more space than

one without). Thus, researchers have explored creating tactile sensations without moving parts,

by stimulating the mechanoreceptors with electridiglectrotactile stimulatiorf90, 99]



Electrotactile interfaces

Given that electrodes can be made smaller than a mechanical actuator (which requires
physical displacement andhat requires more empty space), electrotactile devices can be made
into arrays, suitable for the fingerpafl, 90, 95, 113}s such, electrotactile has been mainly used
as a haptic device for fingerpads, to deliver textufg8], shapeg171} softnesg4230]or touch
information in virtual environments[220, 227]Figure 4 depicts five canonical examples of
electrotactile devices for the fingerpads, with particular detail on their electrode layout.
Importantly, note how there is usually around 2 mm or more of empty space between pairs of
electrodes; this is because users oaty distinguish electrotactile stimuli that are 2 mm apart

[65] and because insulation between pairs is also needed.
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Figure4: Layouts of @emplary electrotactile on the fingerpad: (@71}, (b)[227]; (c)[99];
(d)[220], and, (e]129]. All units in mm.

Improving tactile interfaces by using thinner films (ieethrough

Recently, researchers argued that it is not only important to render haptics on the fingerpad,
but also need t@reservénaptic £nsations from the real worlflL70, 192, 194, 200, 228]they
are critical for achieving precise manual tasks.

Making devices thin and sof one way that researchers explored preserving cues from the
real world. For instanceHydroRing [61] presented a ring worn on the fingerpad that used
pumped water for haptics. Moreover, its relatively low thickness resulted in an unobtrusive

device that could be used in MR to still be able to feel some tactile sensaBon#arly, making
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devices even thinner and more conformable allows even more sensations tthpasgh the
device and reach the fingerpad. For instance, Tacfg28]is an electrotactile device based on
layers of temporary tattoo papers (35 um thi§R20] This can be taken a step thinner, as shown
by Ji et alin their 18 um thick dielectric elastom82]. Note that devices with low rigidity can
preserve very more tactile sensitivity, but they do so by trading this off with fragility (i.e., prone
to breaking when the interact with physical surfaces, such as rough textyfés)] More
importantly, as we will see next, researchers have found that any type of film applied to the

fingerpad limits tactile sensations to some degj&&7}

Tactile sensitivity is impaired by covering the fingerpads (e.qg., films, gloves, etc.)

Unfortunately, despite the improvement brought the reducing the thickness of a film,
researchers confirmed that even thin films impair tactile perception and affect grip control. For
instance, wearing thin gloves sucls ¢he ones typically used in dental work has been shown to
decreased force perception and dampen vibratiptg& 237] Similarly, it has also been shown
that the required grasping force increases in lifting and holding task while wearing gld\@s3

Most relevant to electrotactile research, Nittala, et al. conducted studies with various
thickness of fil ms, ranging from 2.5ém to 177
the fingerpad would increase the detection threshold when discrimimgatime roughness of a
surface (144% compared to bare fingEs)y]

As such, we argue that making electrotactile devices thin is notathly route to improve
tactile sensations. Inspired by this and to advance this research question, we turn our attention

to creating actuahaptic permeability
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Holes:A new approach to preservalexterity & haptics from the real world

We propose & explore a new dimension that designers can incorporate on kagptices
based on fimshaptic permeabiliadding holes (i.e., any type of cutout of the electrode film)
through which the skin can contact the physical environment, insteaalwhysbeing mediated
by the film.

Direct skin contact Figure5illustrates the principle behind adding holes. In this itdst, a
finger was coated with red ink atop the haptic interface. In this case, instead of wearing an
existing thinfilm device (e.g[220) that would cover every square centimeter of their fingerpad,
the user is wearing a film modified with our approach. The film is the same (same
thickness/material a$220), except we added 2 mholesat equal intervals (4 mm cent¢o-
center) throughout. The inkest reveals how the skin is able to contact with the p&peven the
fingerpad ridges are visible, which implies that the reverse is also true, i.e., small features that

the user is touching @ in direct contactith the skin receptors.

@ holes allow direct contact with fingerpad ® 30 pm tattoo paper
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Figure5: Holes on the film allow direct contact with fingerpad, revealing papillary ridges
and can directly transmit tactile signal to receptors.

Tactile receptors.Now, while 2 mm of opening might sound small, it containeight
mechanoreceirs [86] and ~five ridges. As humans are sensitive to a stimulus on one single
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ridge [79], even a proposal as simple as a +sixed hole might prove powerful at improving
tactile perception. The reason is that the exposed receptors can gather more information. This
yields our first hypothesis: exposing parts of skin directly via holes would ksahigher haptic
sensitivity, which we validated in our Study 1 (i.e., holes increased tactile recognition by 17%).

Grip control. Furthermore, this seemingly simple itkst reveals a second key benefit of
adding holes to haptic devices. Agai n, we t ul
shown in the inktest. Ridges contribute to slip control and help us grasp firmly withexerting
excessive forcf236] This yields our second hypothesis: exposing parts of Bkip regulate grip
and thus decrease the minimal force to grasp an object, which we validated in our Study 2 (i.e.,
holes decreased grasping force by 34%).

Structural stability of adding holes.Now the most naive approach to adding holes would be
to simply turnall unused space (i.e., space that is not an electrode or a conductive trace) into a
hole. In fact, one could even the this to the extreme and create a negative of the electrode array.
However, cutting out too much negativepace into the electrotactile filnis not without
structural limitations: (1) these films are adhesive (i.e., the larger the surface area the stronger
they bond to the finger),thus oosi ng adhesive risks the device
the less material envelopes electrodes (i.e., in the extreme case, almost nothing, as they would be
held only by the adhesive under their shape and a small trace) the more likely isHisat t
electrode will get caught in some material or feature that the user is touching, e.g., as a user
operates a tool it can get caught, crinkle, fold or get ripped out. Moreover, while holes can be
engineered using different shapes, circular holes pro@deiitable solution that minimizes both
aforementioned issues: (1) less likely to get caught in materials since there are no sharp

transitions (no acute/sharp angles in a circle, as there would be in a square or other polygonal
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shapes); and, (2) they have less impact to the overall bonding force of the adhesive, since a
circular holes is supported on all sides, thus these are less likely to allow electrodes to get
dislodged. In fact, circular holes are shown to be the most statike shape$224] which would
make our thin devices more durable for longer use. In our third study where users interacted
with real world objects while wearing our holelsased electrotactile devices, no user was caught
or dislodged their device, despite interacting wibtljects with high friction (e.g., screwdriver)
and small parts (e.g., wires).

Applicability & design options. Figure 6 illustrates how our concept can be applied in a
number of ways, depending on both the goal of the haptics application (i.e., how much it requires
prioritizing feeling real vs. virtual cues) and engineeriegnstraints(e.g., resolution, unused

space, layout of the conductive traces).

@ fill in un-used space @ rearrange traces ®) rearrange electrodes (@ replace electrodes
electrode
\ trace
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Figure6: Four design options to implement haptic permeability on an electrotactile device.

hole
b

We envision four different ways a designer can use our approach, presented in ascending
order of how much they tradeoff the resolution of the virtuandering capabilities of the target
electrotactile device(1l) swapping unused space for hddesrtually no impact to virtual
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rendering & gains permeability to feel physical cues; (2) rearranging the traces to addholes
low/no impact to virtual rendering & gains permeability to feel physical cues; (3) rearranging the
electrodes to add holésnedium impact to virtual rendering & dgias permeability to feel physical
cues; and (4) replacing electrodes for h@lparposefully tradesoff some virtual rendering for
more permeability to feel physical cues. These design options are depictEdjume 6 and
detailed as follows:

1. Swapping unused space for holethe most straightforward & readily available option is
trading holes forunused spacen the device. This is useful for electrotactile films with sparse
electrode density (e.gsjmilar to[99]), which leave plenty of space of holes to be adbtbis is
typical of applications that do not require higresolution.

2. Rearranging the traces to add holethe conductive traces can be-agranged to make
space for holes. This can take two forms:amanging the traces to pass through to the backside
of the electrode film using gia [246]or rearranging the traces to optimize empty sp@teese
options are useful in that they have no impact on the final position of the electrodes, and yet,
when successful, they can free up space to add holes.

3. Rearranging the electrodes to add holeste electrode positions can be enlarged/altered
so that the electrod¢o-electrode distance allows for hol®this option might fit applications
where densehpacked electrodes are not required, yet their number is important (e.g., rendering
information ofdirections[210]).

4. Replacing electrodes for holesn our most interesting design option onegadesoff
electrodes for holewhich tradesoff some virtual rendering for permeability to feel physical

cuewhich we validated in our Study 3.
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Benefits,contribution & limitations

Our key contributionis the defining & exploring the concept daptic permeabilityi.e., the
ability of a haptic actuator to allowparts of the skin to physically contact the reabrld. We
explore & implement this by adding holes to electrotactile interfaces, which become improved,
allowing users to feel more of the realorldOas validated in our studies, which contribute with
precise measurements of how much covering up the fingerpadsn with very thin films)
decreases participants tactile sensitivity and grip force; we expect these study findings to be
readily usable by future researchers & designers of haptics.

Our approach has four key benefits: (1) it offers a new way to expand existing approach
towards building feethrough devices beyond making actuators thinner; (2) increases tactile
sensitivityDadding holes is expected to allow users wearing electrotaiztifgerform better when
tasks require feeling precise cues from the +ealtld (e.g., feeling fabric samples while working
on a fashion design in VRL55); (3) increases grip cont®hadding holes is expected to allow
users wearing electrotactile to perform better on a wide range of grasping tasks (e.g., in AR
assemblytutorials [67]); and, (4) improves existing electrotactile interfaces through four unique
design strategies.

Moreover, we acknowledge thatuo approach and implementation is not without its
limitations: (1) at a certain thickness exposing holes offers no gain since the fingerpad stops
making contact with a surface; (2) our studies are focused on replicating standardized tests (i.e.,
groove orienation and grip force) and a specific interactive application (i.e., assembly in MR),

and, thus, do not represent all the complexity of touch behavior in-veadd.
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Study overview

We conducted three user studies to inform, understand & measure the impact that adding
holes to electrotactile haptic devices has on dexterity & tactile perception. In all our studies we
compared thin films applied to the fingerpad against same films wadbed holes: (1) In our first
study, we assessed tactile perception, using a standardized task (orientation of grooves in a
material); we found that in theholescondition participants were able to better perceive
orientation by 17%, compared to when thiangerpad was fullycovered (2) In our second study,
we assessed grip control, using a standardized-fpipe test (amount of force needed to grasp
without slipping); we found that participants were able to have better grip control withlibkes
using 34% less force than whdevered (3) Finally, in our third study, participants experienced
a mixed reality experience involving assembly of a physical toy truck, with virtual instructions
accompanied by haptic feedback. We found that participants dotieasier to accomplish the
task and felt more realorld feedback with thdnolescondition than whencovered

All our user studies were approved by our Institutional Review Bo&BZ31225%.

Study #1Holes improvetactile perception

In our first study, we aimed to understand adding holes to thim haptic devices would
affect the feethrough perception of physical objects. As such, we conductadtde perception
study using the standard grating orientation tg88, 238]In the typical grating test, participants
are presented with gratings (thin grooves that run across a material sample) and are asked to
guess the orientation of the grating by touch alone.

Hypothesis. Our hypothesis was that addinigoles which exposes parts of skin directly in
contact with the touch surface, would lead to higher haptic sensitivity (i.e., higher accuracy at
determining the orientation of the grating).
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Study Design

Task. Participants were asked to touch (eydeee) a sample with grooves running in four
directions and report which direction was féithis is a popular test used in psychophysics
research to measure tactile perceptif88]. As we are interested in fine textures that could be
affected by thin film covering, we chose a relative difficult grating spacing 1.5 mm. Note that at
four directions and eyefee, this is dairly challengingask that requires high sensitivity; thus,
we pretested our participants at 70% accuracy.

Grating. We 3Dprinted a grating with ridges of 0.65 mi0.65 mm (height, width) spaced
by 1.5 mm.

Pretest To qualify for our main experiment, recruited participants performed the task
(grating orientation, 20 trials of randomized patterns from four directions) with their bare
fingerpaddwhen scoring equal or above 70%, they would continue tohblesvs. covered
conditions.

Participants.12 participantgjualified(6 females, 6 males; averagge=27.0 years old, SD=4.4;
all participants were righthanded) Participants were compensated with $10 USD voucher.

Haptic film. We fabricated a 30 um thifiilm inspired by[220] comprised of stacked layers
of tattoo paper. For films with holes, we used a paper plotter to cut the holes.

Interface conditions. Participantsperformed the gratingrecognition task in two interface
conditions:holes(thin film with holes added to it, 2 mm diameter with 4 mm cenrtefcenter
spacing) anatoveredthin film).

Procedure.The participantds index finger of thei

experiment film on the finger pad and performed 20 trials per condition. Moreover, condition
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order folesvs. covereflwas counterbalanced across all participants. In total, we collected 480

trials across all participants (i.e., 4 directioh8 repetitions® 2 conditions® 12 participants).

Results

Figure 7 depicts our findings regarding tactile discrimination. We found a statistically
significant difference between all conditions (pairedest). Our main finding is that théoles
condition (M=74.6%; SD=11.6%) improved tactile recognition by ~17%0Q#¥F(11)=10.1637
compared to thecoverectondition (M=57.5%; SD=12%). As expected, the accuracy ludréhe
finger result was the highest (M=80%; SD=8.3%), which was unsurprising given that we set the
threshold of our pretest above 70%. Taken together, these results confirm our hypothesis that

adding holes improved the tactile recognition significantly when compared to a covered film
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Figure7: Tactile sensitivity task (grating orientation).

Study #2: Holes improve grip control required to grasp without slipping

In our second study, we set out to understand what the impact of adding holes to a tactile
haptic device on the fingerpad might have in termsydp controlOa dexterous skill that depends
on oneds abil i[204)(i.et senssikan abgect is slipping) and control it by adding
pressing force. To this end, we assessed it using a standardizetbgrgtest, which measured
the amount of grip force needed to lift & hold objects without these slipping from under the
us e r 6 s Od populgréasksn psychophysics to measure grip conffal 108]
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Hypothesis.We hypothesized that since additglesexposes skin, namely fingerpad ridges
which contribute to friction and grip controf236] it would allow participants to enact better
grip control when compared to theovereccondition, resulting in less force required to lift

objects without slipping.

Study Design

Task.(1) Grasp a 300g weight on a rail; (2) lift it 5 cm upwards; and, (3) hold it for 5 seconds.

Apparatus. We fabricated a 30 um thifim (same as in Study 1). We used a 1kg (max) load
cell, sampled using HX711 and an Arduino board to measure the grasping force. The grasping
handle was made from acrylic.

Interface conditions. Participants performed the liftand-hold task in three interface
conditions:barefinger, holeg(thin film with holes added to it, 2 mm diameter with 4 mm center
to-center spacing) andoveredthin film).

Procedure.Participants performed six lifting trials per condition. As the participants may be
adjusting their grasping forces in the initial trials, we only measured the force for the last three
trials. Force was measured at the middle of theeSond hold by averagg 10 readings of the
load cell. The condition order was counterbalanced across all participants. A total of 108
measurements (3 triaks 3 conditions® 12 participants) were collected.

Participants.12 righthanded participants (6 females, 6 males; average age was 28.2 years old,
SD=7.3 years) were recruited from our neighborhoods. Participants were compensated with $10

USD voucher.

Results
Figure8shows our findings regarding grip control. We tested the data with-aray ANOVA

and found a significant differences (F(2, 10566 p=0). Tuk ey 0 s HSD Test
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comparisons foundignificant difference between all condition pairs (p=0 for all). Our main
finding is that theholescondition (M=4.06 N; SD=1.32) improved grip control by reducing the
required amount of force by ~34% compared todbeeredcondition (M=6.13 N; SD=2.18). As
expected, the force required with thH®refinger condition was the lowest (M=1.79 N; SD=0.55),
which was unsurprising given that participants use the whole fingerpad for optimal grip control.
Taken together, these confirm our hypothesis tlatding hdesimproved grip control when
compared to &overediim.
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Figure8: Lift -and-hold task.

Study #3Holes improve dexterity during mixed reality assembly tasks

Now that we have validated how holes can improve tactile recognition and decrease grip
forces, we turn our attention to interactive scenarios. In this study, we aimed at understanding
how holes added to tactile devices affect the interactions in MixeditR¢®IR), where the users
interact not only with virtual interfaces but also with physical objects. Specifically, we focus on
our extreme design option, shown iRigure 6(4), where holegvenreplacesomeelectrodes
Following this, we created an MR task that required manual dexterity to complete: assemble a
toy truck following an interactive MR assembly guide. Since our objective was to focus on
participant s® o0bs e itapesddhe diex (wihr tiheirpyior comgent) and d e o

conducted interviews to assess their experience.
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Study Design
Conditions. Participants experienced our MR application in two conditiossveredand

holes The order wagounterbalanced across all participants.
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Figure9: Study setup.

Tactile devices. As the study requires robust devices that can handle dexterous
manipulations with lots of friction, pulling & pushing, we opted for polyimide films for our
electrotactile devices, as depictedrigure9; in contrast to tattoo paper which is known to be
easily scrubbed off during interactions (as reported 17} we also confirmed in our early pilots
that when using the screwdriver, the tattoo paper rubbed off on the thumb and/or index). Our
electrotactile device was thus comprised of flexible polyimide with copper traces (cut using a
plotter). The final device measured 150 um in thickness. Irctiveredondition it consisted of
16 electrodes (2 mm diameter) with 4 mm spacing. Imtbescondition, we used the same layout
except holes replaced the electrodes alternatively, for a total of 8 holes and 8 edsctrod
According to our ink test, seEigure5(c), in order to provide a similar contact area as with our
previous studies (2 mm diameter of skin contact) we chose to cut out holes in 3 mm diameter.

Active & passive devicesAchieving electrotactile actuation in all ten fingers is technically
challenging (and not done in almost any prior work). Thus, for the sake of sataplicity (and

to avoid complicated wiring that might contribute to decreased dexterity), we only asked
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participants to wear one active device on their dominant index finger, and wear nine passive
devices on all other digits (i.e., same material, but not wired to our multiplexer & stimulator).
Stimulation design. In our MR experience, users encountered three different haptic
sensations on their dominant index finger: (1) feeling the shape of large buttons; (2) feeling the
shape of small buttons; (3) feeling the truck vibrating if its motor was running. The elexdrod
actuated for each of these haptic effects are depicteBigure 10 Note that, since ouholes
condition tradedoff some electrodes for holes, the haptic stimulation becomes distorted in this
conditionOa purposeful tradeoff we wanted to explore in this study. For example, when
touching the outline of a large square button, the electrodes are taddua a hexagonal pattern,
due to the missing electrodes swapped for holes. As for stimulation intensity, we kept it equalized
(perparticipant) for both conditions.
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Figure1Q Studydevices and their stimulation patterns

Haptic gpparatus. We utilize a medicatompliant stimulator to generate electrotactile
(Rehamove 3). To multiplex between all 16 electrodes, we utilize a custai@ multiplexer
(similar to [204). For every stimulation electrodeve employ ahalf-bridge circuit with two
photorelays(TLP17§ allowing us toroute this targetelectrodeto eithernegative or positive side
of the medicatstimulator. We control the photorelays viashift registers(SN74HC595usingan
ESP32nicrocontroller. This resulting setup requiresl -ms tocycle throughall stimulation
channelsThe final circuit was worn on the partici
MR apparatus A Microsoft Hololens 2 was used to render virtual graphics and track fingers.

Our custommade MR application displayed a series of assembly instructions on how to build a
23



truck from a real toy model. This included buttons to touch that advanced to the next instruction,
adjusting buttons for virtual truck cover, and feeling the car vibrate as its virtual motor started
running. Once any of these interactions was detectedDpen Sound Control (OSC) packet was
sent wirelessly to the PC which controlled the haptic stimulation.

Props. Participants assembled a toy truck (51 mm in width without the wheels, 120 mm in
length, modeled after a 1955 Chevy Stepside-&ijk The top half of this truck was made from
metal, and the bottom part was plastic. Wheels were 38 mm in diame}efl® mnthickness,
and connected via a metal axleZ mm). All screws were 30 mm long hearews ( 3 mm). The
truck featured an antenna (0.8 mm wire, length 28 mm). Participants were also handed a
screwdriver (modeF1454191, duminum-construction, 12 mm at grasping handle, length 150
mm).

Task.Participants were asked to Oassemble the
These were comprised of stdyy-step guides, depicted Figurell To navigate the instructios
participants tapped on migir buttons Every virtual interaction was accompanied by haptic
feedbackThe task involvedive phases (1) operate the screwdriverpick up the screw and use
the screwdriver to assemble the top & bottom parts of the try@lk;assemble the wheelpush
t he four wheel s (8rassamblé theeanténnguick kpdhe thia antemna and
insert it onto the truck;(4) adjust the virtual truck cover. tap on MR buttons to adjust the size
of the virtual cover to mat ¢hstatttheetut ki s k @w gv oE
touch the top of the finished truck to start a simulation of virtual roads accompanying by an

engine vibration (and sound).
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Figurell Steps of the MR assembly.

Participants. Eight participants were recruited (four females, four males; two-lheihded),
with average age 24.3 years old (SD=2.3). A voucher of $10 USD was given to each participant as
compensation.

Procedure.After the truck was assembled, participants were asked to ra#dism (1: not
real i stic; 7how diffieutt was the ahole sk wealing theDdevides ( 1 : easy;
di f f i c tdwtmugh testuredmat€¥ial can you feel ( 1 : not hi ng; 7 fully
comments at the end of the study and conducted a short brainstorming & discussion with each
participant. The whole study took ~40 minutes.

Hypothesis. We hypothesized that holes would allow participantsilj to perform tasks
easier (i.e., lower perceived task difficulty}i2) to feel more of the materials & textures under
their fingerpads (i.e., higher perceived feébtough); (H3) feel less realistic virtual interactions,
due to the tradeoff between holes and usable electrodes for electrotactile output (i.e., lower

realism scores).

Results

All participants were able to assemble their own trucks, in both conditions. We present
participants feedback organized by (1) assembly (2) virtual sensations. Finally, we present the
overall comments about the experiences.

Reported dexterity & realism.Figure12depicts perceived tastifficulty, feetthrough, and

realism of virtual interactions. We found a statistically significant difference between perceived
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taskdifficulty (paired ttest; p<0.01; F(7)=3.99) across conditions. This suggests that participants
found it easier to perform manipulations with theolescondition (M=2.9; SD=1.2) than with the
coveredM=4.1; SD=08which supports ouH1. Moreover, we found a statistically significant
difference between perceived ferough (paired ttest; p<0.01; F(7)=4.78) across conditions.
This suggests that participants felt more textures/materials with twescondition (M=.0;
SD=1.p than with the coveredM=2.3 SD=0.YOwhich supports ourH2. However, we did not

find statistically significant difference between realism of buttons (pairewst; p=0.1970;

F(7)=1.43) or perceived realism of vibrations (paitsst; p=0.2753; F(7)=1.18) across condflions

which did not support ouH3.
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Figurel2Resul t s of participantsé& rati:H

Observeddexterity. With this study being focused on observing participants, we annotated
videos and depict, inFigure 13 some illustrative examples where the same participant
experienced visible differences between manipulating a tool across conditions. For instance,
Figure13(a) shows P7 successfully manipulating a screw withhblesdevice, but letting it slip
with coveredSimilarly,Figure13(b) shows P5 successfully using the screwdriver \mivhes but
letting it slip with coveredthey even dropped a second time after picking it idpreover Figure
13(c) shows P4 assembling the wheels while holding the truck hatlesdevice but needing to

rest the truck on the table for extra stability when doing this with theveredlater confirmed
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during interview). Finally Figure13(d) shows P1 inserting the antenna onto the truck in the first

try with the holesdevice, which they could not do with theoveredlevice, causing the antenna

to be bent (and later needing to straighten it, which also was difficult).

e screwdriver |
A

'@ put in the'screw

held firmly screwdriver slipped

held firmly

3

insertedin  ==coyidn't insert and
one attempt . ~ tried straighten it

1

Figure1l3 Some exemplary interactions from participants observed in this study.

wearing holes wearing covered wearing holes | wearing covered

Difficulties grasping with cover. Six (out of eight) participants reported it felt easier to use
the screwdriver withholesdevice: 6 (P1, P3, P4, P5, Pahar)with the coveredin fact, of these
six, threedroppedthe screwdriverwhile wearing thecoveredievice(P5, P6, P@nhone dropped
it with holes Indeed, these observed grip difficulties seem to be correlated with the size of the
tool, since fourdropped screwseveral times while wearing theoveredievice(P2, P3, P4, 5)
none withholes Two (out of eight) participants commented specifically on why they think it was
easierto use thboles quoti ng Ot he hocowretrd f(eR 1t, sal nidp pseirnyi
Conversely, larger objects seem to be easier to manipulate in either condition. For instance, all
participants found it straightforwadl to assemble the wheels. That being said, with these larger
objects, some participants voiced t hiole§l prefe
can feel the truck when grabbing it apnodeedst 6s e
to visually demonstrate Jjt.dP2, P4 & P10 reported that the truck itself was also hard to grasp

with the coveredlevice, but with holes devic®'| had a (B2esimilalyP4§ P1L0)p . O
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Limits of both devices.Again, the smaller the feature, the most problems arose. For the
assembly of the antenna, six (out of eight) participants found it difficult to do wither device
(P1, P2, P4, P5, P6, P8). Still, participants commented on differences between both. For instance,
Plstatedl coul dnodot pi[with cavaredlevise]anditdell aif the tabieromto my
pants( U) | coul dhottgpantt Rét Bt ahed[ Ohard to pinch
need anot hetwithhhalessie (iUJepbpui t ds so easy to pick
Tactile sensitivity: Seven (out of eight) participants reported they felt more throughtibkes
device, especially feeling the texture of the tires (only P8 stated these felt similar for both
conditions). To this end, P1 stat@dith coverefl coul dndt even feel any
fingers bashi ®P@ isn taaverefihcadit gnydedi | was holding somethit.
In fact, two participants compared the devices directly in their own words: P4 stated that the
devi ces plydiffererd feelingd, withpole} i s easier to feel tex
Finally, R&veral feel! leade tapds o the[fingers, fdrole$, it feels like wearing
thinner glove® .
Feelthrough. When it came to the different feghrough afforded by each device, only one
participant (out of eight) denoted they could still feel specific sensations througtcokered
while all eight participants stated they could feel specific sensations througidhes Namely,
regarding feelthrough thecoveredl e vi ce, P7 stated O[] can stil
to feel the patterns (U) | can barely tell th
hardo. C o n v eholsspaltigipantsvaccouhts sudgested they were able to feel more.
For instance, P2 (Ilsolegni l acoyl P5hesk ateldotOf mot &
rubber and it passes [the] little things on t}

st at e dhol€§[ wi tchan feel (U) rubbery (U) doesnodt f

28



stated they perceived holese R I usctkéiiledld wddfwdiadehf teterl
cold like meth  ( U)cowsrefi o il dn ot faenedl PaBshol@dfwautideeli 6 s
not completely smooth material,couldfeel slight friction,like the paint on the meta .

Sweating.Two participants commented on sweat generated under the cover. P1 noted that
Oi tweatier wearing the fully covered ole and P4 was surprised at
taking off coveredievices.

Distinguishing virtual shapes When asked about the haptics from the buttons (e.g., the
| arger big Oplusd®o vs. small Ominusd buttons w
size), all participants reported to feel difference between them in both conditions. However,
differences started to emerge when asked if they could distinguish the intensity of the stimulation
between both buttons (i.e., smaller button provided a weaker stimulus) or the shape of the
buttons. Here, we observed tlmvereddevice providing superior benefits, for instance, five
participants (P1, P5, P6, P7, P8) found it easier to distinguish intensities, and two (P1, P2) found it
easier to distinguish shapes. Emirusniputton fsy ¢ o mn
intensity] was less as strong and mdoealizedy(P1) or, P2 statingl coul d feel the
stimul ate diff er eWwhiepataipabtswer &till able ® dof thisrag veelt wsthty
the holes device, they commented this required more attentiorr, f i nst andbadtoP4 st ¢
pay attention to feel the difference.

Virtual realism. Moreover, while we did not see a statistically significant difference in
reported realism, their comments suggest otherwise. With three participants (P1, P3, P6)
specifically stating they found the virtual feedback more realistic with toweredas expected
per our H3. For instance, P1 stat@dith coverefir eal | y f el t |l i ke Owhag er

strongerco (P3), Oeven more vibrationd (P6). C
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options regarding deeeatlyiealistiy, wivh hl € 708 vatbatagd On
isweakerandrregularc. Fi nal |y, Phéled o umar é ampe afleidsttviila,k es ti
coming from the object .

Envisioned usecasesFinally, we asked participants what they would see themselves using
our holesbased device for. The majority of participants provided examples that blended real
world with virtual assi st an cducatiosiodahemistoyfabst he mo
feel objects thayou cannottouch,like mercuryy ( R&y,p e@fodse sfpuirt e wear i ng
( P 4feegdbac®for when you hold tHeadmintonracket tootighty ( P8, and si-mi |l ar |
P o n gnylgor d€Xignlike set up vrtual furniture in my realroomd ( P3) ; and, Otypi
then grakbing my coffee,having thefriciont o do soo ( P5, also P1 & I

VR/MR typing).

Summary of findings & limitations

Summary of findings We confirmed that adding holes to fingerpad electrotactile devices
improves tactile sensitivity and grip control. For grgontrol, not only did our participants rated
the task as easier using thmlesdevice, but we observed less issues during manipulation (e.g.,
less slips of the screwdriver). Similarly, for tactile sensitivity, both the rating and participants
own accounts confirmed that holes improve this aspect of dexterity.

Limitations: While we were not able to statistically validate our third hypothesis (i.e., trading
of f holes for electrodes results in decreasec
might support it. We believe this was in part due to two limitations of atmdy. First, like any
study of this nature, participants are not experienced with electrotactile and will needtemg
acquaintance to develop an ability to recognize higisolution sensations (e.g., 12 points of
stimulation with coveredlevice vs. six with holes, when feeling the large button). Secondly, since
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our goal was to focus on physical manipulation, our MR task did not feature a lot of virtual
interactions with the full arrafDthese might explain why we did not quantitatively measure the
realismtradeof f . That being sai d, cgeuantspoincto tipisarado$ 6 o wn

occurring.

Discussion of how researchers/designers can apply our findings to their devices
How our approach can improve haptic permeabilityisfireg electrotactile devices

Our approach can be immediately applied to staf@¢he-art devices, namelffacttoo[220]
This device consists of eight electrodes, leaving enough space in between to place (2 mm) holes
once its traces are rerouted, which we depicHigurel4(a). Since our Study 1 & 2 were based
on the material of this device, the improvements we observed regarding tactile sensitivity & grip
control should apply taracttoo[220]. That being said, we expect that many more electrotactile
devices can be improved by utilizing strategies laid out previously. For example, the routing of
[1] can be changed to the backside, allowing spaces for holes, as depi¢tigtiial4 (b). Our
approach is likely to be beneficial beyond the fingerpad, for instance it should extend to the
whole hand. For electrotactile arrays with already extremely high resolufg39] researchers
can now explore how tradingff electrodes with holes might improve tactile sensitivity, as
depicted inFigurel4(c). Finally, we also found that the ink test we introduce in SectidAgufe
5 can be helpful. Devices with various thickness can use this test to see if the holes can let the

skin directly contact with a surface, and thereby determine a suitable holds&te
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Figure14 Use our approach to improve the existing electrotactile devices for more tactile
sensitivity by adding holes. (220}, (b)[1]; (c)[230].
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How our approach can improve haptic permeability of future electrotactile devices

Future devices can be designed with haptic permeability in mind from the start. According
to applications and usage scenarios, designers can assess how much tactile sensations should be
preserved, and how much resolution of virtual hapgitould be needed, and weight in technical
limitations (e.g., material thickness, traces thickness). Following this, they can determine a
suitable hole vs. electrodes count and their sizes (again, they can utilize our ink test to see ridges
revealed by holg, seeFigure5). We hope this leads to new designs that can best balance the

virtual haptics without obstructing much sensations from the real world.

Haptic permeability beyond electrotactile

While our exploration was centered around how haptic permeability of electrotactile
interfaces, and we warrant caution when extrapolating our findings beyond these, it is entirely
possible that the idea of holes is applicable beyond electrotactile. Rantes, orskin interfaces
made withdielectric elastomersfor examplg110] have similar actuator layouts and thickness
(210um); yet one should note that the mounting should be stable with mechanioatlying
actuators. Devices made of miniature piezo actuafér could potentially be improved with
holes on the substrate; however, with the change of material, one should pay attention to its

resonance frequency.

Exploring haptic permeability beyond holes

Finally, because we focused on improving tactile aspects of interaction (e.qg., tactile sensitivity
or grip friction), we implemented our haptic permeability by means of adding holes. Yet, it is
entirely possible that other forms of permeability might besgible and that researchers use our
concept as inspiration to explore those. For instance, our design with holes also can aahieve

permeability similar to[127, 231]allowing the user to feel wind and also let sweat evaporate (as
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we observed in user study, noticeable sweat accumulates with covered devices). Similarly, if a
tactile interface will be used in an interactive context where it is paramount that users can feel
liguids on surfaces (e.g., cooking, repairs, etc.), one migigineer a device foliquid
permeabilitPe.g., purposefully engineering the device fronp@rous material hat allow fluids
to passthroughLikewise, if a tactile interface will be used in an interactive context where it is
paramount that users feel themperature of surfaces (e.g., cooking, factories, etc.), one might
engineer a device fothermal permeabilite.g., purposefully engineering the device from a
highly conductive thermal material that rapidly transmits thermal energy to the user's skin.
These examples illustrate how our notion of haptic design can change once we embrace the
idea of haptic permeability which we humbly hope will inspire researchers to follow this

direction.

Summary

To improve the usability & minimize encumberment of tactile haptic devices for the
fingerpads, many researchers have moved away from thick actuators (e.g., arrays of vibration
motors) and, instead, focused on creating sensations via thin d€dcgs eleotactile
stimulation. While these can be engineered to be thin, not all of the important haptic cues can
pass through the thin layer, which our three studies confirmed. To contribute a new technique
that improvesthe feetthrough effect of haptic devicesve proposed & evaluated hoadding
holesto thin electrotactile. By means of this, we argue thaiptic permeabilitthe amount to
which a haptic interface lets the user feel rebrld sensation®is a critical aspect, which has
been understudied, that needs to be brough to the foreground.

This work highlights the fact that a small portioaf fingerpadrevealed can significantly
improve the tactile perceptiorwhen touching physical objectsbut the perceptionis still
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impaired compared to fully revealed fingerpad shown in the studiess it possible talesigna
haptic device that can render haptics on fivegerpady et it doesnit lewilver th
introduce an approach to push further on how devices should preserve the haptics from the real

world.
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Touch&Fold: ahaptic actuator for rendering touch

Motivation for fingerpad free haptic devices

Augmented Reality (AR) d¥lixed Reality (MR) allows overlaying digital content with our
realworld surroundings, creating powerful new tools. Many argue that the next challenge of
mixed reality is the addition of haptics. Over the last decades, an impressive humber of haptic
devices have allowed users to feel the forces (e.g., exoskeleton ¢d2e83, 34, 70, 24@ahd
contacts from interacting with virtual objects (e.g., vibration on the fingerpjgds 105, 106, 229]

However, researchers argue that haptics for MR are inherently different from haptics for virtual

reality (VR), as they must | eave the userds h

actua . ;

objects[4, 16, 140, 221, 229]

& tor
folds back !
fingerpad free

push against fingerpag
1o provide pressure /

Figurels We engineered a foldable haptic device
touch in mixed reality (MRwithout preventing users from also touching real objects.

This is imperative as many powerful uses of MR involve holding tools such as for r¢@ajirs
construction[188] or tangible interaction$69]. Therefore, haptics for MR must not impair the
user oos ability to feel the world through th
unencumbered forcéeedback in MR by using electrical muscle stimulation instead of the
traditional exoskeletongl40] However, this only provides the sense of pushing against an object

and does not stimulate the sense of touching an object.
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As of now, there is no device that provides users with a sense of coatdleé fingerpadn
MR without covering up their fingerpads. Existing approaches involve applying actuators on the
fingerpads, such as thin electrod®, 221, 229r soft actuatorg60]. While some of thesare
alsodri ven by the goal of mini mal i natldeng these e nc e
thin patches decreases oneo6s abi |l betaysethese per f
patches impair the tactile acuity of our fingerpad$8]}

When it comes to rendering touch in MR without covering up the fingerpads, the most
promising solution remains pl aci n[g. Whilethisbr at i o
leaves the fingerpad free, it has two main disadvantages: it does not create pressure, and its
feedback is unrealistic, as it occurs on the fingernail rather than on the fingerpad.

We tackle this challenge by engineering a foldable haptic device that provides virtual objects
with haptic feedback by pressing against the
the user grasps real objects. Our device, depictdeigure 15 works by unfolding a cover that
wraps around and presses against the userdos fi
the unfolding cover can be retracted and stored on top of the fingernail via a ruvteen rail.
Furthermore, besides rendeg the sense of tought also renders textures by means of a linear

resonant actuator (LRA) embedded in its cq\s depicted ifrigurel6

Figurel6 The mechanism of the foldable actuator.

Besides being a onef-a-kind device for MR haptics, it is also completelytetherecandself

containeda feature not seen in any existing haptic device of this kind. In its small footprint
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(24x24x4finm and 9.59), it includes actuators, electronics, battery, and wireless communication
through Bluetooth. We demonstrate how our device renders haptic sensations such as taps,
button presses, and lowor high- frequency textures. In our first user study, we foundath
participants felt that our device was more realistic than our baseline (attaching a vibration
actuator tothe fingernailll n our second user study, we iIinvest
while using our device in a realorld task that involved physical objects. We found that our

device allowed participants to use the same finger to manipulate handheld tools, small objects,

and even feel textures and liquids, without much hindrance to their dexterity, while feeling

haptic feedback when touching MR interfaces.

System Walkthrough
We demonstrate the key qualities of our device with the exampleroMRapplication for
bike repairs. Here, the user wears our nabunted device as well as a HoloLens 2 (Microsoft),

which displays the MR content and tracks their hands via biiltlepth cameras.

Keeping the userés fingers free to manipul ate
The user cycles between interacting with the MR repair guide aking with physical
tools Figurel7a). The usertapsthemiddi r Onext & button tremovmveal t

the wheel hub nutgFigure 1). Immediately, our device unfolds and pushes its cover against

the userodos fingerpad, rendering the pressure
92ms to unfol d. Then, as soon as the wusero6s fi
backwar d, |l eaving t hdustulse r WIS e il Gikkevgp avedring r e e t

our device, as depicted irigure 1. Note this is a dexterous task, and would not be possible
with existing haptic devices, as they would i1

task.
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Figurel7 The user holds asrenchwhile wearing ourhaptic devicefor rendering the sense
of buttons in the virtual instructions

Now that the wheel has been removed, the MR guide displays two different virtual tire
profiles (mountain tires vs. racing tires). The user compares their tire with the virtual tires. Our
device not only keeps the user édskFigurethdhup ad (f r

also unfolds tacreatethe textures of different virtual tires.

\

Figure18 The user feels the texture dfeir real tire, the bumpsof a roughvirtual mountain
tire, andthe fine texture of a virtual racing tire

In fact, our device renders two different textures for two different virtual tires. First, as
depicted inFigure1&, the user strokes their finger across the virtual mountain tire; our device
unfolds its cover around the fingerpad and quickly rocks the cover back and forth to render the
low-frequency texture of the tire bumps. Then, as depicteligurel&&, the user feels the profile

of the wvirtual racing tire. Her e, our device
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fingerpad. Then, as the user strokes across the tire, the embedded vibration actuator (LRA)

renders the fine, higlirequency texture typical of a racing tire.

Providing haptics to general MR widgets

After replacing the tires, the user Dbikes t
driving directions.Figurel®a depi cts the user grasping the bi
device. When the user types in the address on a virtual keyboard, our device creates contact
feedback for each keystroke by wunfolding and
(Figureld ) . When the direction is being shown in &

slider. Here, our device provides not only contact but also haptic detents using vibration motor

to depict the different magnification level§igure1X).

I .

Figure19 User grips the bike handle while wearing our dexito render the clicking of the
keysand haptic detents that depict the magnification levels.

Prior work on expressive haptics for the virtual and augmented worlds
Our work builds onthe field of haptics; in particular, on wearable tactile haptics otual

andmixed reality.

VR and MR demand wearable haptics
Asrealwal ki ng VR increases i n p¢288),Imastietemt (e. g

advances in haptic feedback have focused on wearables. These are devices mounted onto the
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user 6s body, delivering haptic sensations ar
requirement is paramount since most of AR devices are untethered, such as Hoa48hs

MagicLead250] or even smartphongd.75]

Force feedback & tactile feedback in VR

Haptics devices can be categorized into two main streams: force feedback and tactile feedback
[120] While force feedback devices render the forces that arise with contacting a virtual object
(e.g., feeling the weight of a virtual objel@0, 173] tactile feedback devices render the contact
with the object 04182 215]feraperature{(28l). Jo maximize xrdalism, e

researchers seek combinations of tactile and force feedback{{4%.206]

Wearable force feedback

Wearable force feedback, especially in VR, is often provided through the means of motor
based exoskeletoi247]or ferromagnetic fluidg219] More recently, researchers have explored
alternative avenues to miniaturize these exoskeletons using smallerg@ssive actuators, such
as brake mechanisni83, 34, 56, 7,0pr pulley mechanisms that provide force feedback to the
arm [203] or fingertips [45, 211] Pseuddorce feedback was proposed as an alternafje On
the other hand, kectrical muscle stimulatioEMS)which bypassemotors entirely and directly
stimulatest he u s e r [@31] hasubsen Lisets enablea smaller hardware footprint for

force feedback in both VR38]and AR[140]

Wearable tactile feedback
Wearable tactile feedback is typically achi
body, most commonly on the fingerpadi®52] Vibration was used to emulate texturds89]

compliancg107] or even to create force illusiof$66] The advantage of vibrotactile devices is

40



that the actuators are small and thus wearable. The typical vibrotactile device takes the shape of
a Ohaptic gloved, typically containin@smul tipl
However, feeling a vibration is different from feeling pressuyitd8, 137]Pressure triggers
the Merkel cells, while vibrations mainly activate Pacinian corpus¢les8] As such, when
prioritizing haptic realism over form factor, researchers opt for devices that generate the sense
of pressure at the userds finger panduntedandh mpl e s
motor-based device, which creates pressuré8DOF[178} HapCubea finger mounted device
that renders stiffness, frictiorand pressure by deforming the skin surfd&®6} FinGARa finger
glove device that renders pressure, loand high frequency vibration, and shear forces using
mechanical actuation and electrical stimulatifz29} and, lastlyHapThimblea finger glove that
emulates button presses by using a servo motor to push a pad against the finger in addition to a
vibration motor [105] A more general and thorough review of wearable tactile haptics can be
found in[160}
Unfortunately, while these devices provide realistic haptic feedback (i.e., pressure and not
j ust vi bration), they are too cumbersome to
hindering the haptic sensations elicited by reabrld objects. Users wdd have to remove these
devices before they can touch a reabrld object. Thus, existing tactile devices have found their

use in VR but rarely in MR.

VR tactile haptic devices that avoid encumbering the hand

Because preserving usero6s dexterity and tac
turning into mechanisms that deliver haptic f
covering it up.PuPoRs an example of such a haptic device that mounts inflatable pads into the
user s hand; these pads only inflate on demar
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objects[199] Similarly,Haptic PIVOTs a VR haptic device that leverages a similar approach but
Is implemented via motors; it mounts a motorized handle to the wrist, which can pivot, on
demand, to touch the user 0(dl4]pHowerer, aose of thesey gr a
devices can target a particular fingerpad; 't he
hand at once.

We take inspiration from these approaches t
further into |l eaving the wusero6s fingerpads f
smaller and lighter than any of these haibésed feedback devices becauseintend to target

the fingerpad itself and not the hand.

Tactile haptics specifically engineered for Mixed RésIRy

Researchers have been exploring ways to provide haptic feedback without obstructing the
fingerpadsfor MR. Arguably, the most MReady device is the fingernail vibration by Ando et
al. [3, 5] In their approach, a vibration motor mounted on the fingernail augments touches on
virtual objects. While this device keeps the fingerpads absolutely free, it has two main limitations:
it does not generate pressure (only vibrations), and its tactilelfjaek happens at the fingernalil
instead of at the fingerpad, which can lead to unrealistic sensations due to the spatial
incongruence.

Another popular approach is to use thin actuators that, while still covering the fingerpad, try
to minimize this interference. Examples incluétaptic ring a device that squeezes the fingerpad
by pulling wires wrapped around i7]; Tacttog a device comprised of a thin electrode sheet on
the fingerpad and a stimulator at the wrist, which electrically stimulates the fingeigad} or
HydroRing a fingerworn liquid chamber and a wearable pump, which creates pressure,
vibration, and temperature on the finger using hydrauljég].
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Unfortunately, while using the aforementioned devices, the user still feels these thin
actuators (e.g., wires, electrodes, etc.) every time they touch a real objguacting their
sensation of textured surfacg458] Furthermore,with thin actuators, the resultinghaptic
feedback is mostly limited to vibrati@{e.g.[221) or small contact areas (e.]). Unlike these
approaches, we propose the first tactile device capable of rendering both pressure and vibration,

that can also tuck away when the user is interacting with real objects.
Key contributions and limitations

Our key contribution is engineering the first foldable actuator that can provide the missing
tactile haptics of mixed reality, while also being able to tuck away to let the user still interact
with real objects. The key technical insight that enables timsencumbered feedback is our
compact folding mechanism.

Our approach has four benefits. (1) It providesde mand haptic feedback
fingerpad, i.e., the fingerpagmainsunobstructed when the user is not interacting with virtual
objects. (2) Its tactile feedback is realistic as it combines pressure with vibrations, thus rendering
a wide range of sensations such as contacts, mechanisms, and textures. (3) Our device is
untethered and selt ont ai ned, fitting entirely around t
haptic devices of this kind requirelscd es running from the useros
supplies, circuitry, pumps, etc. Lastly, (4) not only is the hardware footprint optimized for mixed
reality by using only surface mounted electronibsit its encasing was printed in clear materials
to minimize visual interference. Furthermore, as we will show later, other actuators (e.g., such as
a heating Peltier element) can also be integrated into our device, allowing an even wider range

of haptic sensabns.

43



Our device is not without its limitations: (1) while we optimized its footprint, it still covers
up the userés fingernail, and obstructs the
fabricated it to fit the average adult fing¢40], it might need adjusting for different finger sizes;
lastly, (3) as with any mechanical haptic device, it has its inherent latency (92ms), which we

currently compensate by enlarging the collision detector volumes in our MR applications.

Implementation

To help readers replicate our design, we now provide the necessary technical details.
Furthermore, to accelerate replication, we provide all the source cg8ddijles,firmware, and
schematics of our implementatién

Figure 20depicts our seltontained prototype, which was 3D printed using a Form Labs 3

with clear resin to minimize visual interference with the real world. Its complete footprint is

S

24x24x4fim and weighs 9.5 , including its battery. 't att :

doublesided tape.

Figure20. Our selfcontained haptic devicguler unit in cm).

1 http://lab.plopes.org/#touchfold
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Folding Mechanism
At the core of our contribution is our folding mechanism, depicte&igure2l Its key design
feature is a hemispheric rail from which our

against the userodos fingerpad.
hinge @ @ :
Q‘:* 7 4‘\‘%\'\
nge ;
. 3 N
2 / e
inge

Figure21 Our unfolding mechanism.

The cover is comprised of two segments connected via a thin plastic sheet. To fold or unfold,
we actuate the cover using a rack and pinion drikgure 21a depicts the initial configuration,
in which the coverodos fFgamekb segmebhs shaysover Ol
is pushed as it is driven by the pinion to the point where the front segment is fully extended and
hits a hinge stopper at the end of the rdiligure2lc depicts the last stage in which a wedge in
the cover pushes and causes the front segment to pivot around the hinge and land flush against
the fingerpad. The shape of our casing, cover and its hemispherical rail are all conical in order to

ergonomically® | | ow t he fingerds shape, allowing the

Actuation: pressure and vibration

Our device unfolds using a DC mot@g;1 SuiMicro Planetary Gearmotor 0.1 kgn, Pololu)
mounted on our 3D printed rail drive (rack with 26 teeth and pinion with 12 teeth).

To increase the expressivity of our device, we embedded a linear resonant actuator (LRA C10

100, Precision Micro Drives) in the cov-er tha
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frequency textures, allowing our device to render both contact pressure and a wider range of
textures. We drive our LRA using a MOSFET betw&B@190Hz; its resonant frequencis at
170Hz.

Lastly, a force sensor (FSR 40@erlink Electronic3 and a photo interrupter G 105F
Kodenshj close thecontrol loop by acting as limit siiches. The force sensor also doubles as a
feedback signal for findéuning the amount of pressure applied on the fingerpad. Thus, our device
not only creates pressure but also constantly measures the applied force, which we demonstrate
next in a brief techical evaluation. Finally, we used the photo interrupter to sense whenever the

cover is fully retracted, which serves as the signal to stop actuating our DC motor.

Measuring speed, force & noise
We further characterized our device by measuring its speed, haptic force, and noise level.
Latency: The mechanism takes @2 to actuate, which is measured using slow motion
camera (240 fps). This relatively fast speed allows us to creatdrdowency vibrations by
driving our motor back and forth when already in contact with the fingerpad. We measured the
Bluetooth communiction latency using the same method to be 40 ms.
Force:We measured force using a load cell with error oPQ@ N, with our device clamped
on a 3D printed supporWhen unfolded, it creates a sustained force of 34a gai nst t he

fingerpad, with a short overshoot peak of 0.41N before the force stabilizes.

46



0.5 peak force 0.41N

/_
. 0.4 fast [
Z 03 contact i = Sty
© (39ms) | provide average force 0.34N ! fast
202 : | :
S J retraction
0.1 actuation 4 | (44ms)
_ begins~ :
 —92ms
time —— + }
(ms) 0 100 1000 2000

Figure22 Plot of forces generated by our device.

Operational noise We measured its operational noise using a microphone. Our mechanics
are quiet, producing around2.25 RM8B when unfolding. This measurement was recorded at
armdés |l ength from the device and in reference

RMS dB in this recording setup.

Measuring contact area

A relevant factor I n haptic perception is t
fingerpad. As such, we set out to measure the contact area that our device makes with a finger.
To measure this, we constructed a simple artificial finger made fraigid portion (using PLA,
which emulates the nail) and a soft portion (using Ecoflex30] depicted irigure23. Then,
we attached our device to the artificial finge
the finger) with washable red ink. This is a typical method used to determine contact between
fingerpads and haptic actuators employed, for imsta, byHauseret al.[64]. Then, we actuated
our device so that it contacts the artificial finger and leaves an ink imprint, which we depict in
Figure23. Our result shows that, as expected, our device makes stable contact with the finger
at its center, which is ideal as the vibration motor is placed in that location. However, we also
observed some unwanted side, yet much smaller, contact caused by thd unfoly me c hani s

rail.
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Figure23 Ink contact test &rows point to the fingertip).
Electronics: printed circuit board and schematics
Figure24depicts the electronics schematic of our device. Our 16 Bxt@PCB houses at its
core a microcontroller with Bluetooth Low Energy (nRF52811, Nordic Semiconductor). To
decrease its footprint, we used a ceramic chip ante’Mi8Q08CPulseLarser), instead of the

traditional ziggzag PCB antennas.

*t Lght )
II __L Sensor ¢ P
3.7V LiPo Battery ~ @’ =
Lo~
3V3Low OUT+H— Emmitter Antenna
Dropout
SND  Regulator VCC P: ,"Ij
_L—‘, )
’ 1 s Microcontroller ]e:
ol I | (NRF52811) 32MHz
(!\ H-Bridge _‘ | (: : Crystal

@J Vibration Force
Actuator Sensor

Figure24. Electronics schematic of our PCB.

We power our device using a #4@Ah LiPo battery. We measured a current of 200 mA when
it unfolds, which takes 184 ms per interaction. As such, our device can be used for 12 min of
continuous tactile feedback. It is worth noting that in typical interactions with MR interfaces one
just expects to feel a few hundred milliseconds of contact (e.g., tapping a button), thus our

deviceds battery oureoichdemandusé.ast f or many h
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Rendering four haptic sensations

To enable a range of haptic sensatipwg control the actuation profiles of both the raék
pinion (pressure) and of the linear resonant actuator (texta®jollows:

1. Simplesurface contacts.To render touches with virtual surfaces, we unfold the actuator
until the force sensor reports contact with thiegerpad Then, the mechanism keeps pushing at
a predetermined speed while the finger remains in contact with the virtual object.

2. Mechani sms ( e. drorendex mdchiahigms with srariablp foice) ge .
unfold the mechanismntil force sensor detects contaéts the user pressdsrther down onthe
virtual button, the device pushes the unfolded cowwren harder against the fingerpad to
simulate the counterforcef theb u t t sprimg s

3. Lowfrequency textures (e.g.corrugated papej. To render texturesup to 25Hz, we
unfold the mechanism until there is contact with tfirgerpad Then, we drive the cover ugnd
down, against thdingerpad aslie usemruns acrossheir finger on the virtual texturedsurface

4. Highfrequency textures(e.g.,sand papey. To render texturesrom 150190Hz, wefirst
unfold the mechanism until there is contact with tlfiegerpad We then drive the LRA at the
desired frequencyo render the actual texturas thie useruns acrossheir finger on the virtual

texturedsurface

Tracking and Display

To display the graphics to the user, we used a HoloLerBuit-in depth cameras on the
headset are used to track their hands. We unfold our device to tap the user's fingerpad only when
the finger collides with a virtual object. Then, whenever the user's finger leaves the virtual
object's collider (the "touch" aa programmed in our Unity3D demos), we immediately retract
the cover back onto the fingernail to leave the user's fingerpad free. We implemented this
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strategy as it is ideal for MR, since it prioritizes rebrld interactions over virtual interactions.

To trigger our device when the user touches a
in Unity3D to the radius of our device, which further cpansates for its aforementioned latency.

While we utilized the builtin tracking from a HoloLens 2 headset, our system can also be paired

with alternative tracking systems, such as the proximity sensors or optical motion capture.

Demoapplications

To illustrate the key benefits that our device offers to mixed reality, we implemented three
additional demos beyond the bike repair guide, which was previously shown in Figtse®©ar
demos were built in Unity3D and displayed using two MR headsets Etrdjlorth Star &

HoloLens 2), which were connected to our device via Bluetooth.

Application#1: feeling domody interfaces

This application depicts how our foldable haptic actuator does not interfere with the haptic
sensations elicited by touching an -@ody interface Figure 25shows an interface displaying
physiological data (steps, temperature, and heart rate from health trackers) projected onto the
u s e r édsmimamt arm; this was inspired by popular MR interface designs, such as Tgpdjap
or HoverUl [243] Here, our foldable haptic actuator allows the userféel their skinvhen
tapping on the interface projected on their arm as well as feeling haptic feedback when touching

midair interfaces.
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Figure25 Our quantifiedself MR application.
Application#2: feeling haptic transitions between physical and virtual
We depict how our foldable haptic actuator allows to render surface contact and texture even
as the user transitions between physicaftual objects, or vice versa. To demonstrate this, we
implemented a simple MR furniture editor inspired %30, 140]Figure 26 depicts a user
transitioning betweenfeeling their real tablé o f eel i ng the texture ando

virtual extension.

vibration g _

s \\

Figure26. In our interior design application.

Application #3: enabling mulinger haptic feedback that does not occlude fingerpads
To render the feeling of contacting with more complex objects, which typically requires

multiple fingers, the user cawear two (or more) of our deviddgure27a depicts how, while the
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user is cooking, our two devices leave the fingerpads free, allowing the user to rotate the physical
knob on their stove to turn on the gas. Then, as depicte&igure 27, the user sets the MR
kitchen timer to five minutes. When the user grasps the timer knob using their index finger and
thumb, both of our devices unfold and press the fingerpads to create the sensation of contact.

Also, our device creates vibrationstoryrel er t he t i mer knobds detents

Figure27. A user wearing two of our foldable haptic actuators to interact with a MR
kitchen-timer.

Generalizing by adding haptics to existing MR toolkits

Finally, we generalize the usage of our haptic actuator to existing MR toolkits. In this case,
we add it to the HoloLens Mixed Reality toolkit (MRTK). As depicte&igure28 we add the
missing haptics to MRTK demos (from the Hand Interaction pack2%@). Here, contact haptic
feedback is rendered when the user presses any widget, such as bugigusee@8&) or even
piano keys Figure 2&). Furthermore, by wearing two of our devices, we also render contact

haptic feedback for pinching-{gure2&) or grabbing virtual objectd-fgure28&i).

52



Figure28 Adding contact haptic feedback to GUI widgets in existing Microsoft HoloLens
Mixed Reality Toolkit (MRTK)

Userstudy #1: Hapticfeedback

The objective of our first study was to val

without encumbering the wuserdos finger. Ther e

(inspired by[3]), which is the most relevant haptic device specifically designed to not obstruct
the fingerpad. Our hypothesis was that touching MR objects with our device would feel more
realistic than with the baseline device, since our device provides not only wvimrdiut also

pressure. Our study was approved by our ethics committee (IRR226).

Apparatus
Participants wore a North Star head§@64] We used t he headset ds
tracking. Our Unity3D application provided a simple MR environment that included one

interactive object at each time.

Conditions

Participants were asked to touch these objects in two conditions: (1) a USB version of our
foldable actuator, which bypassed its Bluetooth communication, andi{@ernail vibration , by
means of an LRA at 170Hz firmly attached t

counterbalanced across participants.
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Tasks

Participants were asked to touch five different rad virtual objects rendered in MR, which
visually resembled a slab of concrete, cloth, a button, corrugated paper, and sandpigpee (
29. For the slab and cloth, participants were instructed to touch on the surface. For the button,
participants were told to press it. For the corrugated paper and sandpaper, participants were told

to run their finger across the objectds surfa

contact dynamic texture
hard surface soft surface  button  |ow frequency high frequency
(concrete slab)  (cloth) (corrugated paper) (sand paper)

Figure29 The five MR objects presented in our study
After touching an object with either our device or the baseline, participants were asked to
rate the perceived realism of the haptic feedback oppa¥i nt Li kert scal e, ra
artificialo to 7=0felt real .
Participants performed a total of 30 trials: 3 repetitiérns object$ 2 conditions. Trials were
presented in randomized order. At the end of the study, we asked participants which interface

condition they preferred.

Participants
We recruited 1@articipants from our institution (M=25.6 years old, SD=2.2; seven identified
as female, three as male). Four participants had previously experienced MR, but none with

haptics. Participants were compensated with 10 USD for their time.
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Results

Our main findings are depicted iRigure3Q We analyzed our data using tweay repeated
measured ANOVA. We found significant difference in average yield by both conditiolugble
actuator andfingernail vibration , F(1)=164.5(x.001) and virtual objects (F(4)=88<9001). We
also found a significant difference in interaction of these terms (F(4)369001). Thus, pair

wise Tukey multiple comparisons were conducted.

7
E 6 M foldable actuator &,
®5
o
o 4 M fingernail vibration %
@
=3
8
=2
21
contact dynamic S texture
‘ N
\ & W
hard surface soft surface button low frequency high frequency
Figure 30, Participantsé perceived realism

We present our findings regarding perceived realism while interacting with each object in
both conditions:

1. Hard surface:We found a statistically significant difference between conditiopsQ):
foldable actuatorwas perceived as more realistic (M=5.27, SE=0.20)fitigarnail vibration
(M=2.4, SE=0.21).

2. Soft surfaceNo significant difference was found in between conditioqs.6), while
comparingfoldable actuator(M=3.03, SE=0.26)ftogernail vibration (M=2.63, SE=0.21).

3. Button: We found a statistically significant difference between conditiops<(001):
foldable actuatorwas perceived as more realistic (M=5.23, SE=0.20)fitigarnail vibration

(M=3.63, SE=0.33).
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4. Lowfrequency texture:We found a statistically significant difference between conditions
(p=0): foldable actuator was perceived as more realistic (M=5.5, SE=0.19) fingernalil
vibration (M=2.57, SE=0.18).

5. Hightfrequency texture:We found a statistically significant difference between conditions
(p<.05). Participants perceived doidable actuatorto be more realistic (M=4.57, SE=0.21) than
fingernail vibration (M=3.2, SE=0.22).

Figure3ls hows participantso preferred interface
all 10 participants preferred théldable actuator for hard surfaces; preferences were split
regarding soft surfaces, with half of the participants preferring tfiddable actuator, eight
participants (out of 10) preferred tHeldable actuatorfor buttons; and, lastly, all 10 participants

preferredfoldable actuatorfor both high and lowfrequency textures.

8 10 ‘
é 8 M foldable actuator &
ol 6
== R
%g 4 M fingernail vibration ‘
< o
St 2
Vo
%‘5 . overall contact dynamlc texture e
e °
(]
3 5 ’
ot hard surface soft surface button Iow frequency high frequency
Figure31 Participantsé& preferred interfac

Qualitative feedback

When asked about their experience, all participants mentioned that usinditigernail
vibratonf el t wunrealistic as sensations did not ar.|
obvious itdés the nail®d and P2 added Onothing
commented on their percepti owml:atGvnigbrtadu comd [(aR

feels real having something covering my finge
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Interacting with the soft surface using odoldable actuatorled to a haptic mismatch, as
some participants perceived it as Otoo harduo
the fact that our O[pad] i's solido (P2). P4 a

t he <cl ot h] &their préfererce ol thadingemail vibraton by st ating t hat

vi bration is |lightero.
When asked about the button, participants ha
Some consider vibration more important than p

[a] rusty springo (P33, and sureaddedeealismasifrelated whi |
to Opressing something with forcedo (P5). Last |
a buttono.
Many participants commented that tHeldable actuatorwas more realistic for textures (P7,
P8, P1, P6). P1 explained that they Ocan feel
feeling contact with a surface and then feel
When asked if they felt any movement from the deployment of thielable actuator, all
participants reported to not have felt any motion artifacts. P2 and P8 commented that this could
have been caused by the fact that O[they] wer
mi ght have felt some di rebngbecamaunnoticpabletisedongerd , b u:

touchedo.

Userstudy #2: Interacting with real-world objects andvirtual interfaces

The objective of our second study was to understand the user experience of using our foldable
actuator when engaged in a task that involved both +eakld objects and virtual interfaces.
Specifically, we wanted to interview participants regarding how odevice preserves or
encumbers the haptic feedback of the real world.
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We asked patrticipants to perform a physical repair task by following instructions depicted in
Mixed Reality, which they browsed by touching the MR interface while wearing our device. This
study was designed to test using our device in conjunction with rpalaiting virtual interfaces
alongside handheld tools (e.g., screwdrivers) and even oily parts, all of which require significant

dexterity and unimpaired tactile acuity.

Apparatus

Participants wore our foldable actuator on the index finger of their dominant hand and a
Hol oLens 2 MR headset. We used the headset 0s
application provided a simple MR interactive guide with repair instruction& also provided
participants with real objects, including two pairs of bicyclebvakes (detached from the bicycle),

a screwdriver, and a bottle of lubricant.

Task design

Participants were asked to "fix the brakes by following the MR instructions”. These
instructions we comprised of a stdyy-step guide, depicted iRigure32a. To navigate the next
instruction, participants tapped on the miair graphics displayed by the HoloLens. For instance,
tapping Onext® to proceed to the next step. E
accompanied by haptic feedback rendkbey our device.

The experimental task involved five steps: (1) find out which brake pad needs to be replaced
by feeling for any scratches on its surface; (2) unscrew the brake pad using the screwdriver; (3)
screw a new brake pad onto thebfake by holding and turning th@ut using the fingers; (4)
find the oily part on the bicycle brake, (5) put more oil on the part using the plastic oil bottle. All

together, these sutasks account for three interaction types: (1) feeltegtures(scratches on
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brake pad and oil); (2) usirgandheld tool¢screwdriver and bottle); and (3) manipulatisgnall
objectgscrewing the nut).

P 1 find out which ac

Contains rake pad

Smal| Scratches"p | - I STEP 2 that's correct! let‘g unscrew #
. that brake pad using the
ngerewdriver."

Figure32 The participanté i nt er act i @Alhskots were takénalurisgtthe thsk in
user study.

Prior to starting the task, we encouraged
participants by means of the HoloLens camera, which overlays also the MR content and via an
external camera. After the task was completed, we conducted astemsiured nterview with

each participant.

Participants
We recruited seven participants from our institution (M=25.6 years old, SD=3.5; four
identified as female, three as male). Four participants had previously experienced an MR headset

but not in conjunction with haptics. Participants were compensated withy 3D for their time.

Qualitative feedback
We present participants® feedback organized

feelingtexturegscratches on brake pad and oil); (2) usiagdheld tooléscrewdriver and bottle);
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and, (3) manipulatingmall object¢screw). Lastly, we also present overall comments about the
experience.

Feeling textures (brake pads & oily part)First, we asked the participants how they
distinguished between the two brake pads. All but one participant (P3) mentioned that they could
not visually distinguish the brakes, so they explored themtdayching with their finger, which
was instrumented with our device. For instance, P1 added "I looked at them [the brake pads].
They are both black and it's hard to distinguish. So | use my fingerpad to feel." While it is
unsurprising that most participantased their index finger (we purposely added our device on
their dominant index finger to create this situation), we observed that most participants did not
perceive any i mpedi ment caused by our device
P2,P6 and P4 added explicitly "[the device] did not impede anything." (P2 and similarly P4). Only
P5 and P7 felt the device during this interaction. P7 still used the index finger to complete the
task but mentioned that "I worried [the device] would fall". ®&s the only participant that did

not use the index finger for this task, remarking "I avoid using index finger because [of the

device]".

Figure33Ex ampl es of participantsé& inter

Next, we asked participants about their experience while feeling which part was oily. All
participants mentioned that they did not feel any impediment from our device while feeling the
oily part. The majority (six out of seven) used the index finger thaiswvearing our device and

stated, for example, ONo, it did not affect me
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P1, P2, P4, P5, P7). All participants used multiple fingers to feel the oily part. Only P3 did not use
the index finger that wore our device for feeling the oil but remarked that "I did not think of it, |
find it more convenient to feel that with [my] thuf®. P4 and P6 even rubbed their index finger
and thumb to feel the friction while determining if it was oilfFigure33).

Using handheld tools (screwdriver and lubricant bottle)First, we asked participants about
their experience while manipulating the screwdriver, which requires dexterity from any finger
that grips. All participants turned the screwdriver while wearing our device, most of them stating
they felt no impediment. Foinstance, "The device did not affect me when turning the
screwdriver." (P2) or "I didn't even notice the device when | started turning the screwdriver.”
(P1). P3 mentioned that they felt that "thdess of the device seem to touch the screwdriver" and
we observed them adjusting their index finger angle on the grip. P5 added "It worked well! [I]
grip it properly [and] it feels fine", adding later, "I can very easily become used to it". P6 noticed

that they raised the index finger unconsciously, but put the finger back on the screwdriver handle

when they need to apply more force, as depicte&igure34.

Figure34Ex ampl es of participantsé& inter

Next, we asked participants about their experience while manipulating the lubricant bottle,
which requires a controlled force to squeeze the right amount of liquid. Six participants out of
seven used the index finger that wore our device to squeeze thee {osually alongside other
fingers as depicted iRigure34d,e), only P3 added that they unconsciously did not use that finger

at all. From the six that used the finger wearing our device, five reported that the device did not
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i nterfere with manipulating the bottle I n any
problems (P6) or " it felt smooth when | did the task.” (P4). P6 and P7 even added that they felt
that the device did not interfere with their force contradding "I slightly squeezed the bottle

with my finger." (P6) and "l squeezed with all my fingers slightly without impediment" (P7). Only

P2 reflected on a possible impediment, " | noticed that | sometimes unconsciously raised my index
finger. | guess Was just not used to it. It was a bit like bandage, so | intuitively didn't want to

use that [finger]".

Manipulating a small object (manually tightening the nut) We asked participants about
their experiencing while tightening the small nut by hand, which requires dexterity from any
finger that grips it. All seven participants performed the task using the finger that the device was
attached to. Five out of seven @ped no difficulties nor that the device got in the way. For
instance, "The device did not get in the way." (P1) or "Not interfering with my grip." (P5). Only
P2 and P4 noted some interferencehis task. P2 noted "Because the place to screw is small, |
was worried to hit the fingernail device when turning the nut.", and P4 added "Sometimes the
device touched the brake".

Haptics while touching the MR repair guideAll participants said they always felt the haptic
feedback, which our device rendered using its unfolding mechanism, when tapping any virtual
interface, such as Onexto or Oback® buttons.
Opretty [¢at igeftyitraggti |l e feedback in MR]&® (P6,

General feedbackLastly, we let participants add any opemded feedback they felt was
important. P4 added "Overall, it doesn't affect touching things. But the shell sometimes gets in

contact with things." P5 added "With tosed e t as
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to wearing anything when doing precision tasks.". P3 also had a larger fingerpad than most users,

and we noted that our device was not custom fit for any user.

Discussion
Limitations of our foldable actuator

First, our device still covers up the useros
certain angles. However, in our second user study, we found little perceived impediment for
users manipulating and feeling physical objects.

Second, while our device provides pressure with a slightly tilted angle due to the compact
mechanism design, only one out of our 17 participants realized that. Moreover, as any foldable
actuator moves, it creates inertia, which could generate unwantedegatrception. However,
our participants never mentioned perceiving inertial forces; this was likely due to our lightweight
cover (3g). Also, as noted Figure 22 we found thatour mechanical design resulted in an
overshoot of <0.1 N when contacting the fingerpad. One potential way to mitigate the overshoot
would be to add a PID controller.

Third, we did not find that our device was able to realistically simulate a soft surface, which
was achieved by stopping the DC motor as soon as the force sensor detected a contact with the
fingerpad. A more refined approach would include slowing the udiftg mechanism when the
cover approaches the fingerpad, which requires a position encoder with higher resolution.

Finally, with any mechanical haptic device, it has its inherent latency (92ms), which we

currently compensate by enlarging the collision detector volumes in our MR applications.

Integrating a wide range of haptic actuators
To expand the expressivity of our device, we can add more actuators to it. For instance, in

Figure 35 we repurpose the LRA driver to drive thermoelectric elements (e.g., Peltier). This
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allows our device to render not only the contact with a hot coffee cup but also its temperature.
Optionally, adding a secondhridge would enable this Peltier element to be in either hot or cold
state. Furthermore, we believe that other haptic actuatswsch as electrodef221] can be

integrated into our device as well.

peltier “
Figure35 Example of integrating a Peltier element onto our foldable actuator

Encompassing tactile sensations across the spectrum of realities

Even though we focused on rendering thensations for virtual objects overlaid in physical
environments. Our device can also work for augmenting haptic sensation when touching
physical objects. This can be achieved by
Qictuatingthevibratonmot or on the fingernail &. Il n thi
objects directly with the fingerpad free, and feels the augmentation on the fingernail, at the same
time. This seemly fallback mode emulates fingernail vibratgrAndo et al[3].

Altogether, our device encompasses theality-virtuality continuum [151] of tactile
sensationsKigure36, by preserving physical haptic sensation from the real world, augmenting

haptic sensation of the real world, and rendering haptic sensation of the virtual world.
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(@) real environment < (b) augmented reality — (C) virtual environment

Figure36 Our device acompasss thetactile sensations across the spectrum of realities
Summary

We proposed the first foldable, nathounted haptic device that provides tactile feedback to
mixed reality (MR) experiences whitguickly tucking awaywhen the user interacts with real
world objects. To achieve this unencumbered haptic feedback, we engineered a wireless haptic
device, which measures 24x24x41mm and weighs 9.5g. Furthermore, our foldadéffeeod
also features a linear resonant actoa allowing it to render not only touch contacts (i.e.,
pressure) but also textures (i.e., vibrations)e \Wemonstrated how our device renders contact
with MR surfaces, buttons, lovand highfrequency textures. In our first user study, participants
felt that our device provided a more realistic haptic experience than-oddtke-finger vibration
did when irteracting with a variety of objects, such as surfaces, textures, and button mechanisms,
but not soft objects. In our second user study, we found that our device preserves the dexterity
and haptic perception for manipulating and feeling physical objectsilevproviding haptic
feedback for virtual interfaces, in MR.

This work marks a great difference from prior reseamrhhow haptic devicesender haptics
which either cover thetarget body parts, e.gfingerpad (including the previous sectionyr

relocate the actuator®.g..to the nail orto the wrist, and deliver haptics in another locatioBy
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making actuators foldable, haptic devices omgntact Oo n  d e Goenpaded to Qiaptic
permeabilityy approach,this foldable actiator does provide less spatial resolutidnenvision
electrotactileor other pinbasedlisplayscan beintegratedin the future The bulkiness added on
the side of the finger due to the folding mechanisan impair dexterity. Oneanpush it further
by exploring slimmermaterials andnechanisms.

To sum up, lhese approachethat | proposed preservearious kinds of realvorld haptic
fidelity (e.g. tactile sensitivityfor touch) but alsorenderdifferent levels oWirtual haptic fidelity
(e.g., modality, bandwidth, resolutian)vhile these approaches have room forprovement |
posit that in order to integrate more haptics into the real world for mobile and wearable
interactions,developers shoulBalan@haptic fidelity from the virtual and the real worldsshen

designing haptic deviceswill discuss more in Conclusion & outlook.
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Part Il 6 Challenge Adapting to mobile contexs

Haptic devices used for stationary VR and teleoperations are engineeredrasastructure
that requires sufficient space allocated, stable wall povaeid communication, with the least
distraction from the surroundings, and the user should only interact and experience the virtual
or remote world.In contrast in mobile scenariosthe context is often changing, if not rapidly.
For example, we use our mobile and wearable devices hundreds of times a day, and they
accompany us in diverse daily activitiesge .working, running, cooking). Space, power, signals,
and surrounding noises, which might have been presumably stable in the former case, are all
subject to fluctuabn. One can taken analogy from visual displays for which technologies are
developed for mobile contexts, such as grimg frames for powersavingmode adaptive colors
in varying ambient lighting, etc. For hapticduslies have shown that the change in these contexts
canalsoseverely impact the haptic sensatiookthe usef20, 21]In order to bringmore haptic

experiencegnywhere, anytimethe systemsnustbe designed tadapt to mobile contexts

/\qpx
tvaq
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Figure37. Contrasting context consideration for stationary VR and molsitenarios
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Power, especiallyhas a greatimpact on haptiadevicesProviding force feedback to the user
(e.g., feeling how much force one should apply while using a tool) is typically realized using
mechanical motors. To provide sufficient force, these motors need to be large & {howgry

(large currents convert electity to mechanical work) which limits their useindoors and
67



tethered to wall power if nohaving usersarrying big batteriegand only last for less than a half
day (Figure37).

As such] exploredan extreme approadbawearablehaptic system that is poweaware and
can becharged in runtime using energy harvestingvhen needed, without sacrificing the

enjoyment of the interactiong4201}
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Prolong haptic experiences byharvesting kinetic energy from the user

(@ when haptic device i is low on power, VR renders reS|st|ve (® when haptic device is charged, VR can renders more
on-demand haptic feedback

=\ v \ . \:/ -
enter enerngeave energy . (&« ;Iectro-tactile brakin
harvesting harvesting ; 9

— > o |
t © thls can be repeated, prolonging haptic experiences in VR

dragging \

vibration

Figure38 We propose a new technical approach to wearable haptics that requires no
battery, yet it provides active haptic feedback.

Motivation for whole day haptics

I n the past decades, interactive devices bec
thanks to powerefficient computation and advances in battery technology. While sensing in
devices now can be realized irpawer-efficient mannef8, 68, 126, 23%utput (e.g., displays or
haptics) still remains a powenungry factor in mobile deviceR6, 244:5, 243Haptic feedback,
specifically strong forcdeedback, needs to push against the user to generate its effect, thus
demanding even more powdB5, 136, 24q}ypically orders of magnitude above the power
required for a sensof239). Therefore, most haptic devices are tethered to the powerline or
require large and cumbersome batteries. While researchers have explored alternative actuators
(e.g., muscle stimulation instead of mechanical motors; or blaisad actuators) for the saké
power efficiency, even these devicesd batter:
usage57, 136]

We propose a new technical approach to implement untethered Virtual Reality (VR) haptic
devices that contain no battery, yet can renderdemand & strong haptic feedback. The key is
that via our approach, a haptic device charges itself by harvestingshew 6 s ki neti c en

movementPeven without the user needing to realize this.
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Figure38depicts how we achieve this: we integrate kinetic enel@rvesting directly into
the virtual experience, in aesponsive manneFor example, in our approach, whenever a
batteryless haptic device is about to lose power, it switches to harvesting mode (by engaging its
custom electropermanent magnetic clutch to a generator) and, simultaneously, the VR headset
renders an alternativeversion of the current VR experience that depicts resistive forces (e.g.,
rowing a boat in VR). As a result, the user feels realistic haptics that corresponds to what they
should be feeling in VR ( i,whleunknowinglyschagindtie Of e e |
device via their movements. Then, once the ha
charge/ di scharge mu c h faster t han tradition
communicates with the VR headset. The Vearience can now use the recently harvested
power to request more edemand haptics, including vibration, electrical or mechanical ferce
feedback; this process can be repeasetinfinitum.

We instantiated, explored, and validated a version of our concept by implementing an
exoskeleton that harvests elbow movements and uses this energy to rendégmand haptic
feedback intermittently, e.g., vibration, electrical & mechanical faexdback.

We validated this via technical evaluation and a user study, in which participants (even
without knowing the device was harvesting) rated a VR experience as more realistic and
engaging using our device than with a baseline VR setup.

Finally, we believe our technical approach is fundamentally different from devices powered
by batteries, as it affords new uses of haptics for prolongedaases, which are especially useful
in untethered VR setups, since devices capable of haptic feledbatraditionally only reserved
for situations with ample power. With our approach, a user who engages in hlomg VR and

grew accustomed to finding a batteead haptic device that no longer works, will simply
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resurrect the haptic device with their movement. Moreover, our approach enables new ways to
use haptic devices unthinkable for batteppwered devices today: namely, wallp use. Even if
the user forgot to charge the haptic devices or change their batieoier technique enables these

to wake up rapidly after the first interactions.

Qur approach: Harvesting the userrs Kkir
To demonstrate our novel concept of harvest
l i feti me of VR haptics devices, we engineere

demonstrates one possible instantiation of our technical approach. This ertsketiepicted in
Figure38 can be charged by the user during VR even when it loses all its power. Then, it uses
this harvested energy to render subsequent haptic effects. The fact that our approachics

(the device automatically returns to harvestiagwaysbefore losing power and always informs

the VR accordingly) allows any device and VR experience built around our approach to run for
extremely long periods of timecluding being picked up after any arbitrary period of inactivity
(the device willalwaysswitch to harvesting when power is low).

We first summarize the key technical insights that make our approach feagilélarvest
kinetic energy from the user.While most intermittentcomputing interactive devices typically
harvest energy from the surrounding environment, such as solar, thermal, or ambient vibrations
[167] these harvesting approaches are only suited to systems that operate on vepoloeO
in fact, most of these are sensing systems since sensors tend to require less power than their
actuator counterparts (e.g., sensing a touch via capacitive sensingresdgi@ss power than
delivering a haptic touch via electractile stimulation or mototbased haptics). In contrast, we
focus on a batteryless device designed $tmong haptic sensatiofs.g., vibration, electrical &
mechanical forcdeedback). Unfortunaly, approaches that harvest small amounts of power do
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not scale to the magnitudes required for strong haptic sensations; thus, we turn to harvesting
kinetic energy from the useams it provides a suitable power efficiency rati{B6].
(2) Supercapacitors instead of batteriedhis is the technical insight that enables our approach
to quickly charge with sufficient energy to generate strong haptic effects because,
supercapacitors charge faster than batteries, and more importantly, balance energy storage with
charge and dischargigmes. While supercapacitors do not hold as much energy as a comparably
sized lithiumion battery, they trade capacity with power densif11] which allows for fast
charging/discharging speed (orders of magnitude faster than a battery of similar cap#8jty).
Conceal the harvesting in the VR experienc®loreover, kinetic harvesting alone would pose a
serious problem for VR. Since any time that such a device would try to harvest energy, users
would notice the increased force required to move (resistance from moving against the harvester)
and feel this asudistractiorOthis increase in resistance does not match their VR experience. Our
concept stves this by adjusting the VR world to render a situation in which the user expects to
feel resistanc®this allows the resistance felt while harvesting to go unnoticed by the user.

Now that we, succinctly, laid out the principles (s@echnical Evaluatioras well as
Implementatiorfor more details) that allowed our device to render haptic feedback without a

battery, we demonstrate its application in a VR example.

Walkthrough: A VR survival experience withhours of haptics without batteries

To help readers understand the applicability of our technical approach to achieving
batteryless haptics, we demonstrate it in a VR experience that makes use of a range of haptic
sensations, including tactdeand forcefeedback. This VR user is wearingevete that uses our
technical approach to enable netop haptics in their arm. The device takes the form of a
forearm exoskeleton that pivots around the elbow joint. While our device has no batteries, it can
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harvest the usero6és kinetic energy into superc
gearedDC motor paired withacustorma de swi tching clutch, which
haptic effects.

At the start of this VR experience, users find themselves washed ashore on an unknown
island. Their objective is to find food, water, and batteries to radio call a rescue team, as depicted
in Figure39 Note that many of these interactions could be made more immersive using two of

our devices on both arms.

% 0/350 0/250 0/10
S -

Figure39 Our VR experience.

Bootstrapping a haptic device without any batteryAs the VR experience starts, the user is
stranded on a desert island. Upon starting the VR experience, the VR software attempts to contact
the haptic device using Bluetooth. However, the haptic device has been idle for an unknown
amount of time, potentily days, and therefore has no power. This would be a frustrating
situation for existing wearable haptic devices that quickly deplete their batt¢?i23] However,
our batteryless device canprovidensnt op hapti cs experiences by h
energy ondemandWhen the VR software does not receive a response from the haptic device in
300ms, it assumes the device is not charged and it is in harvesting mode, i.e., its clutch is engaged
and the wuserd9s arm movement s-traasmissiorcogarnwhelt t ed t
converts kinetic energy into electricity using a D@otor and our harvesting circuitry. As such,

the VR software immedialy initiates the prepr ogr ammed Oharvesting® se
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Figure4Q (a) the tide rises and the user has to swim; (b) as the user moves their arnfeéhey
theresistancef swi mmi ng i n water. This resistance i S
is feeling passive haptics, which is being converted into usable energy, by charging
supercapacitors on board of our device. While this might appear simplistic in hindsigista

key contribution in our worlOdynamically changing the VR experience to coherently justify why

the user is feeling the strong resistive fdrcesom t he harvester6s gears.

participants in ourUser Studgid not notice hat the haptic device was harvesting their energy.

---» user starts charging < — [ - =

Figure4Q When VR fails to connect to our batteryless haptic device, the VR assumes the
device needs charging (and is in eneflggrvesting mode) and renders a tide rising.

Charging on-demand = charging if haptics is needed’he VR experience can request haptic
power on demand depending on events the user might encounter next, or what the designer
intended the game narrative to be. For instance, if the user quickly charges the haptic device by
swimming fast, the haptic dewc will harvest sufficient energy to boot its internal micro
controller and circuitry. At this point, the haptic device communicates via Bluetooth to the VR

software and transmits its amount of internal porysending a message with the voltage reading
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of its supercapacitors. If the VR software deems this to be sufficient, it can stop the harvesting

and continue the narrative-igure4ldepicts how this is achieved in our VR experience by the

VR software spawning the next-definedinaratide) i the om t h
vicinity of the user. The user now swims to the island and the VR headset requests the haptic
device to top the resistive force. The haptic device responds by releasing its els@gnetic
clutch, which disconnects the userodés arm fron
arm without any resistance and the device is fully charged and ready foretély ondemand

haptic effects.

“» swinging-arms-
/<~ whilewalking™

---» VR demands device to leav
energy-harvesting mode

Figure4l The haptic device is now charged and responds to the VR of its charge capacity

Spend harvested energy on active haptic¥he user now explores the island to find food,
water, or batteries to survive. Now, with the charged supercapacitors, different kinds of haptic
feedback can be rendered. The user finds coconut trees and bangs their fist against the tree, to
make the coaouts fall. Each time they hit the tree they feeViéoration This is achieved by using

the energy previously harvested from the user
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up the coconut and breaks it by smashing it against a spiky rock. When they crack the coconut
on the rock, our device provides a forémedback sensation to render the impact. This is achieved
by sending electrical mu s c nuwscles, wiiam galused themro t o t

involuntarily contract.

---» [E_ VR demands electrical muscle stimulation

Figure42 As the useiinteract with the virtual contentthey feel vibrationsand electrical
muscle stimulatioron their handandthe energy required for tesehaptic sensatios were,
unknowingly, just harvested by the user as they swam to the island.

Handling the uncertainty of us.Althesmteractidma v i or
we depicted so far ardynamic In other words, if the user gets lost on the island or remains idle
for a long time (or even puts down the game and returns later), the supercapacitors will slowly
discharge (se@&echnical Evaluatiofor measurements). However, this is not a problem for our
approach: the key is that VR environments am@mputeigenerated in redalme, and thus are
easier to alter than physical systerise . g. , | ess disruptive for the
stopping and swapping batteries in a haptic device). As such, if the supercapacitors discharge,

our haptic device willalwaysengage the clutch (returning itself to charging mode) aidays
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notifies the VR software. Upon receiving this message, the VR software immediately instantiates
the next available Ocharging® seqtFiguredi@or such

Oshaking the crab Figired3 t he userds armo from

@ 4=

device demands to enter .
= energy-harvesting mode — user starts charging =~ — -

® P 3 — o ’

feels less
resistance

VR demands a'évice to leave
energy-harvesting mode

NS

Figure43 The devicesenses low power, enters energgrvesting mode, and informs the VR,
which responds by rendering a crab jump

Creating variation in harvesting experiencesPreviously, when the device was about to run
out of power, the VR rendered a tide that washed the user onto the sea (harvesting = swimming).
However, the VR designer can incorporate more cyclical VR scenes that justify the felt harvesting
resistance wittmore variety. InFigure44 after exploring the island for a long time (which mostly
involves Ospending®d® energy enjoying haptic ef
does not urgently need power, VR can instruct the user to walk to the boat where they start
rowingOas the user moves their arm to row, they are now harvesting. More power can be used

when they explore the next island.
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feels harti
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> VR demands device to enter__
energy-harvesting mode

user starts charging <~ — ----- >

feels fess | =—=
‘Tesistance ) & | swinging-arms w

. VR demands device to leae
> =) energy-harvesting mode

Figure44 VR demands resistive force (device enters endiayyesting mode) for this
rowing interaction.

Surplus of harvested energy? More hapticQur VR experience can leverage a haptic device
that is fully charged, despite no immediate need for haptics. While the VR software could simply
ignore this, a VR designer could take advantage of this energy surplus and create multiple
versions of the samexperience that provide more realistic haptic experiences. (Obviously, these
scenes could also be required as per the expe
required to experience a charging sequepec®r to those; but, in this section, we explore the
situation wher e t he Figui4d5shaws anaxgrpla, svhilethe usenier gy ) .
paddling the boat, the VR experience spends the surplus of energy by rendering dense reeds, in
which the user experiences even higher resistance than the harvesting resistance (which is

achieved by braking the DC hantes via shortcutting it).
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/“backdrive™
[ .motor

[=7 VR demands strong resistive feedback

Figure45 If there is a surplus of energy, the VR software launches one of thenace
experience that can make use of this extra energy for a more immersive version of the current
experiences.

Justin-time charging for quick haptic sensationsAt last, the user explores the final island
to find batteries to power their emergency radio. Again, this scene could take advantage of
previously harvested power, but we choose to depict a woeste scenario: the user has been
idling and the haptic devie has sufficient power for Bluetooth communication, but not enough
for any haptic sensations. However, the next VR experience is to feel an electrical tingling as the
user s radi o c o nedigthb lmiteky. Aa duchpmhe VRidesigner ¢reated a short,
just-in-time charging experience, that ensures that there is always available power for the user
to feel the electrical tingling sensation. When the user approaches the last battery, the VR
software checks the available power reported by the haptic device. If it is below the requirement
for the electrical tingling (which is rendered via electrical muscle stimulation), a crab appears
next to the battery. As the user reaches for the battery, trebgumps at them and latches to
their arm. The VR software instructs the cl utc
in this very short Ochargingd sequence. The u:
power for the final electricalingling effect. The VR scene immediately stops the harvesting and
causes the crab to be flung off the usero6s ar

and experiences the electrical tingling as the radio wakes up and calls for help.
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. crab feels heavy.
to. shake off =

E VR demands device to enter
energy-harvesting mode

electricity &
radio-vibration

/ A

--» [ VR demands electro-tactile & vibration feedback
Figure46 Just-in-time harvesting sequerc

While we depicted only a few key moments in this VR survival experience, this VR experience
runs for a long timefFigure4d7depi cts t he entire VR experience
(the device has absolutely no power), all harvesting VR sequences (scenes where the user is
harvesting), spending sequences (scenes where the user receidesnamd haptics) and their

inner loops (that connect harvesting to spending sequences).
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@ cold start is possible (® charging with resistive force (© more haptic feedback
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Figure47 Flow of our exemplary VR experience.

Contribution, benefits & limitations

Our main contribution is a novel technical approach for haptic devices that contains no
battery and yet can deliver haptic sensations, even strong active haptics (e.g., vibration,
electricat or forcefeedback). Our key technical insight to enable this tabation is our
implementation of a kinetic harvester with sufficient power efficiency to render haptic effects
longer than the time the user spent harvesting. Secondly, our key conceptual contribution is that,
while harvesting alone is not sufficient (dbe increased resistance from the harvester would
create a distraction to the VR experience), we solve this by adjusting the VR world to render a
situation in which the user expects to feel resistance.

The benefits of our approach includg) Technical approach to realize immersive haptics
for long VR experience®contrast the fact our device can virtually last for days, with the typical
lifetime of a wearable haptic device; moreover, in our study, we found that our device was more
i mmer sive than t od2TVebhsicalappsoach thahfeeesth&®user omlame

batteries & power tetherd contrast this with the abundance of haptic devices connected to large
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batteries or powerlines3) Users do not need to notice the harvestifipecause we use the VR
dynamically to conceal the resistance felt by the harvester, users can use our device unaware of
its inner workings; in fact, in our user study participants did not realize our approach was
harvesting their movements, 4 ) Ha p tuipc @@weddvike can sit on the shelf for
virtually any amount of time and will Owake wupg
moving; and,(5) Reusing power for hetelogeneous haptic experienc€our device harvests
kinetic energy, but can deliver power to a wide range of actuators; we demonstrate how our
implementation converts this energy into vibrations, electextile, electrical muscle
stimulation, and brakingbased resistance.

Our approach is not without its limitatins: (1) Content creation for intermittent haptic)
our approach only supports haptic feedback that happens intermittently (up to a few minutes,
rather than continuously for hours). This is a consequence of the switching betweelemand
haptics and harvesting ener gy rtoncepnhalsb previdess er 0 s
haptics, but typically not ordemand as these are triggered by the haptic device, rather than by
the VR content). This necessary switch from-@emand haptics to harvesting haptics, requires
VR designers to create harvesting sequences, i.e., alternative moments in the VR experience that
can be activated atloc when the haptic device loses all power and returns to harvesting mode.
(2) Longer experienceanother limitation of our approach is that it leads to longer experiences,
since when using our device, the user performs additional actions designed to charge the device
if the power is running low. Finally(3) Physical exertion our approach re¢és on physical
movements, as such it also induces higher physical exertion and might not be suitable for all

users or situations.
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Implementation
We detail our prototype batteryless haptic devicEigure 4§ with its custom energy
harvesting and the VR interactive system. To accelerate researchers interested in reproducing

this device, all designs are made available and egmncé.

® =
50 mm
{ ,— electrodes
kinetic : — vibration
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electropermanent - L PCB
magnetic clutch (microcontroller)
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__andclutch by pulse (~20V)

on upperarm ¢

harvcjter \'

: l clutch gear
engages with
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/
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. big gear
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Figure48 Our wearable haptic device, which is untethered and batteryless

Arm-worn exoskeleton haptic device

We implemented an exoskeleton that is untethered and batteryless, shokigume48da). It
measures 42 cm in length (adjustable) and weighs 680 g (resistive gears & clutch 325g, exoskeleton
2709, harvester 35g, PCB 30g, electrodes & straps 20g). It harvests kinetic power from elbow

movements, since at every triceps/biceps curl, amplelaeical energy is available to be turned

2 http://lab.plopes.org/#harvestinbaptics
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into electricity. Also, the accompanying resistive haptic feedback on the elbow is easy to
integrate into VR interactions since the hands are often involved in VR experiences (e.g., rowing
a boat, lifting heavy objects, pushing against walls, etc.). Waideach component of our
exoskeleton in the following sections.

Harvester mechanicsThe core of our kinetic energy harvester is gpBase brushless DC
motor (ZSFBF1HD) with gear ratio 1:20.25, which weparposed as a power generator with
rated output current 700mA. To incorporate a clutch (switching on/off endrggvesting mode,
which we describe later) into the gear set, we added twaek2h gear (20 degreeeth; gear
28mm) for transmission, and a-fiketh clutching gear (20 degréeeth; gear 34mm), fabricated
with PLA using FDM 3D printing, 12mm thick, fitto ABS rods ( 8mm). The power generator,
transmission gear s, and clutching gears are n
gear (20 degree Metric, -60eth, 120 mm Pitch, 124mm, fabricated with 3miauminum by
water jet cutting) is attachedirectly to the exoskeleton brace, which increases the torque ratio
by a factor of 5 when engaged with the generator. The enclosure of the upper arm gears is
fabricated with 2mm aluminum plates (water jet cutting) and secured with M3 screws; finally,
theseare clamped onto an MOSCARE elbow brace with adjustable upper/lower arm length along
with adjustable straps.

Switching harvester on/off using a custom clutchTo enable ordemand kinetic energy
harvesting, ideally, the actuation of the clutch should take require harvesting a few arm
movements. This is difficult to achieve since most types of clutches (e.g., motorized friction
clutch) require actuating large mote to engage/disengage. In the process of designing our
clutch, we implemented six different clutch designs (some depictdegare49: a DGmotor

horizontal linearclutch, DGmotor vertical linearclutch, onedirectional ratchet clutch, one
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directional springclutch, DC motor frictionclutch, but found these would require too much

power to actuate compared to a magnetic clutch.

@

Figure49 Four (out of six) examples of clutch designs that we implemented.

To clutch in an energyefficient way, our custom magnetic clutch is based on electro
permanent magnet (EPM). In EPMs, the polarity can be switched by an electric pulse but remains
stable for a long tim¢52, 109, 16%9¢ontrast this with a solenoid, which only pulls when power
is supplied). OuFigure48b) depicts our EPM clutch, consisting of a clutch gear that has a ring
of permanent magnets (neodymium,5mm, 3mm thick, 242 gauss), sliding on a plastic shaft to
avoid magnetic materials. To move the clutch, the polarity of EPM is switched to attract
(disengage) or repel (engage) the clutch gear on the shaft. Importantly, even if the gear ends up
not perfectly aligned (did not slid all the way) the clutch will still slide in to engage when the
user moves the arm by just a small amount, since the EPMmu@d to push the clutch gear. Our
EPM (Alnico Grade 5, 5mm, 15mm length) was wrapped in a coil with 80 windings (28 AWG).
Finally, the magnetic field was measured at 59 gauss in both polarities, after switching.

Microcontroller. The complete circuit is layout in our custom PCB. Refer to the schematics
in Figure5Q The control center is NRF52840 Dongle (Nordic Semiconductor), which is a Bluetooth

Low Energy (BLE) enabled lepower microcontroller (14.6V, measuring 1.3mW under 1.8V,
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while BLE connected). A supercapacitor (0.33F) is used to store the harvested energy. The
available power is sensed by the microcontroller through an analog reading pin. To lower the
power consumption, we lowered the Bluetooth advertising rate to 100msutieed UART for

BLE communication.

“EPM capacitor 21 EPM capacitor

ineti super-
N RF52/840 dong'e @ kinetic energy harvester caSacitor (3.3v) (20V disengage clutch) (20V, engage clutch)

1d T id
L} T

V+ \
i< 1 i< VDD electro-
K IN permar:ent
magne .
€ 1€ electrical
power rectifier NRF52840 H ‘S:g":gﬁg?"
ouT (ZgV)
:E regulator N Super_ o évn :
: capacitor (3. curren
‘E " tectrical L |limiter
i electrical b3
V OUTE] vibration [|ra] muscle/tactile F—|
EPM electrical GND motor stimulation 3 I
' capacitors stlmulatlony ; electrodes
supercapacitors T v I W p— -
10 mm power storage  Canacitors  microcontroller v

Figure50 Our custom PCB containing energy harvesting and haptic control circuits.

Harvesting circuitry. We connect the output of the D@enerator to a $hase rectifier
composed of six Schottky diodes (PD3S23aighvoltage shunt diodes (20V MMSZ5250CT1G
and 25V SZMMSZ5253BT1G), and a regulator (3.3V forpover supefcapacitors,
NCP1117ST33T3G). Figenerated power is then fed into five parallel capacitors, each with its
capacity and voltage rating, including three electrolytic capacitors (330uF, 25V) and two EDLC
(electrostatic doubldayer capacitors) supercapacitors (0.1F &®@BF, 5.5V). Again, we chose
supercapacitors rather than traditional batteries (e.g., LiPdohj NiMH) since supercapacitors
charge faster than batteries, and more importantly, balance energy storage with charge and
discharge times. While supercapacgalo not hold much energy as a comparably sized battery,
they trade off capacity with charging/discharging spedd1]Othis is the technical insight that
enables our approach to quickly charge with sufficient energy to generate strong haptic effects.

We will now explain the role of each of our five parallel capacitors, depictdeignire51
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Discharging power into haptic effects. Two 330uF 25V electrolytic capacitors are
charged/discharged to engage and disengage our-EleMh (~20V, with peak current 6 A
discharged in 2ms). With just a couple of biceps curls, we can harvest the needed 20V even
without requiring a stepup circuit to engage/disengage the clutch. To control the EPM we
modified a traditional Hbridge circuit to allow charging up two capacitors at the same time but
discharging at different times, ensuring there is power when iede to disengage/engage the
clutch. The Hbridges are manually implemented using 20vMchannel MOSFETs (SQ2310ES
T1 BE3) and 20\téhannel MOSFETs (SQ235THSGE3), which can withstand a peak current
of 12A. Next, the remainder 25V 330uF electrolytic ciégrastores energy for our simple
electrical muscle stimulation (EMS) actuator, which can render either el¢attde or force
feedback, depending on the stimulation time. For EMS output, we added a current regulator
(LT3092) that we configured to limihe output current to 33mA (as most EMS systems that
actuate the biceps do not require more than ti86, 139] The stimulation signal is created by
the microcontroller via a R-hannel MOSFET (Si2371EDS) and-at&hnel MOSFET (SQ2310ES
T1 BE3), at 50Hz with 200 microseconds pwisih. Moreover, we added two parallel EDLC
supercapacitors (0.1F and a 0.33F/, bwerStothese are the highest storage capacitors in
our circuit. The largest (0.33F) constantly discharges onto the microcontroller and the remainder
(0.1F) discharges, @emand, onto the vibration device. We actuate this linear resonant actuator
(LRA, C16100, 65mW at 2V, Precision Microdrives) using aohidnnel MOSFET (SQ2310ES
T1 BE3) driven it at its resonant frequency (170Hz) using the microcontroller.

Finally, any capacit or s 0-timedrantes thes. thek votiggesof g r a d

supercapacitors and the EMS capacitor is sensed, by using a voltage divider circuit and the
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microcontroller. We estimate the voltage of the EPM capacitor by reading the EMS capacitor as

a workaround for limited analog reading pins available on this microcontroller dongle.
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Figure51 The various available haptic output provided by our device.

Available haptic feedback modes

We wanted our prototype device to be representative of the wide variety of haptics that our
approach can enable. In our prototype, four actuators can be driven (motor braking, magnetic

clutch, electrical stimulation & vibration motor) enabling six diffetérmaptic sensations, which

we present in ascending energypnsumption order:

1. Resistive force feedback (energyarvesting). This is when the clutch is engaged with the

kinetic harvester and makes the user feel resistance in their movements. We measured the torque
to be 1.29 Nin. Since this is the default state of our device (i.e., left alone it will eventually lose

power and switch to this mode) it consumes the least power.
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2. Stronger resistive forcefeedback (braking).This is when the clutch is engaged and we
brake the motor by shortcutting it, which we achieve by discharging the EPM engagacitor
into the motor terminals. We measured torque of 1.6t Nigher than in harvestin@this allows
users to feel forcdeedback sensations of higher resistafics).

3. Free (disengaged)Jpon disengaging the clutch from the kinetic harvester, the user
experiences virtually no resistance from the device (0.08)N

4. Electrotactile (using EMS) By actuating our simple electrical muscle stimulation circuit
for very short periods, such as 10ms, we render an electrical tingling sensation similar toelectro
tactile sensationf93]. In our main VR experience, we delivered these impulses via two electrodes
on dor sal side of userdos forear m.

5. Force feedback (using EM3®y actuating our simple electrical muscle stimulation circuit
for longer periods, such as 100 ms or longer, we render involuntary muscle contractions sensation
similar to forcefeedback135] In our main VR experience we deliver this stimulation via the
same electrodes as for electiactile (same circuit) close to the wrist extensor muscles. These can
be attached to other parts of the body for different applications. Note that our EMS
implementation is simplistic. First, the difference between our elet¢actile and EMS is how
long the actuation is (long induces muscle twitches; very short feels like elattide). Second,
our EMS approach induces only small movements since it uses &Wy RRowever, this still
depicts the range of haptics that can be easily added to our harvebtsgd approach.
Obviously, our simple EMS sutircuit can be swapped for more powerful EMS circuits, such as
bioSyn¢156]

6. Vibration. We create vibrations using a linear resonant actuator (LRA) attached to a strap

on the userodos pal m. It can be attached to ot
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VRside implementation

We developed our VR experiences using Unity 3D and render these via an Oculus Quest 1.
The VR experiences are rendered in a laptop but displayed in the VR headsatwliasLink
connection over WAFi. The haptic device sends all its messages over Bluetooth (BLE), which
arrive at the laptop. We capture theddeak fandles the lowlevel BLE connection) and we
convert them messages to Open Sound Control (OSC), which are delivered via TCP to Unity3D.
While typical OSC implementations utilize UDP, we switcliedhe TCP protocol to ensure the
delivery of messages.

VR searching for haptics deviceéAt the start of our VR, our Unity3D class (that can be added
to any Unity3D project that wishes to extend or use our approach), automatically starts searching
for the haptic device via BLE. If the device does not respond within 300ms, it assumes tee devic
is out of power and in harvesting mode. Thus, the VR experience triggers the next available
Ocharging s c eWakthroughwas taerswirnming scene.

Anatomy of a Rc Thaidegbehindithese¢ RR ssemes that justify the presence
of the resistive force from the harvester is that they are cyclical, i.e., they can be looped or
instantiated in sequence until the VR receives confirmation that the amount of power is
sufficient. We implemented such scenes in Unity3D using two design strategidsaiportto-
chargingareg and (2)in-placecharging Fortransportto-chargingareas these are scenes that
take place in a specific place (literallysoftware scene as determined by Unity3D). We transport
the user to this scene by, for instance, fading the previous scene (e.g., we use a thick fog to
transport them from Oswimming® from the islan
user is inthis scene, the scene can loop itself (or be infinite/procedurally generated) while it

constantly is charging the device. Examples o
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which even includes procedurally generated clouds and rocks on the water, to ensure the user
feels there is a lot of varie§while, strictly speaking, they are caught in the charging loop (again,

users in oulUser Studglid not realize this at all). As fon-placechargingscenes, these are events

that happen in place where the user is currently at. We recommend these, especially, when
needing to harvest smaller amounts of power for the next haptic effect. Examples of this scene

i ncl ude <hacrabyOsshcaeknee , whi c h wdemasd whenlngedetd byi gger
toggling its visibility.

Power thresholds for each scend&ach scene or haptic effect in our VR experiences extends
from our Ospendingd or Ocharging® Unity3D cl as
class will behave dynamically and will require the designer to indicate what type of feedback
(from our six possible types, at fixed durations). Using this information, our Unity3D class
automatically estimates the required power from our measurementsTeeknical Evaluatign
If the power threshold is not satisfied (undero | t age) thi s wi || cause t
to appear. For example, in oMWalkthroughapplication, the threshold is set to 2.4V, which we
measured to last for about 5 minutes (on idle). We also determined a low power threshold in our
program to trigger energyharvesting mode in the device and render the respective scene (e.g.,

Ot i d esceane).3Me sebthe threshold of the supercapacitor for the microcontroller to be 1.85V
as the microcontroller will shut off with 1.7V remaining in supercapacitor

Communicating available power.Unity requests voltage readings from our device every
100ms. Since supercapacitors consist ofkayers, the voltage sensed by the microcontroller can
be higher than what is charged, especially in a relatively quick charging in kinetic harvesting;
thus, D obtain a reliable reading of the current voltage, our Unity3D class employssarfle

moving average.
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Technical evaluation

When engineering energharvesting devices it is paramount to characterize their behavior
with respect to how long they take to charge and for how long they operate (discharge) under
different conditions (idle vs. delivering haptics).

Apparatus. Measurements were performed using our prototype (described in
Implementatioh connected to a factorgalibrated precisiormultimeter (0.01 mV resolution,
accuracy of 0.02%, 4 - digits of precision and USB logging). For the technical evaluation, unless
where noted, all the movements were performed using biceps/triceps curls atied pef 2
seconds by a participant with no arm injuries but a relatively low muscle mass (biceps diameter
22 cm, much below the average of 34.34Tj).

Kinetic har vest eFigurseb52depiasdhe voltageadf ourchartegtar in two
exemplary situations: (a) a ~30V peak from a slow biceps curl (~1.4 seconds per complete
flexion/extension) and the ~35V peaks from a faster biceps curl (~1 second per complete
flexion/extension). Moreover, we @asured a current of 70mA averaged across one complete
elbow movement (one elbow flexion followed by one elbow extension) at the slower pace, and
65mA at the faster paGithis minimal difference illustrates how we tuned the gear ratio to be

effective at slaver movements.
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Figure52 Voltage (rectifier output) of our harvester for two consecutive elbow movements
(flex/extend for each movement).

Measuring harvesting for the microcontroller Microcontrollers require a stable power
source to remain operational. lrigure53a), we depict @oldstartof our haptic device. In this
exemplary run, it took ~30 seconds to charge the 0.33F supercapacitor to 1.8V, which wakes up
the NRF52840 microcontroller (including Bluetooth). However, this 1.8V region is close to the
shutdown voltage (around 1.7V), azhuour device remains in harvesting mode (clutch engaged)
until the voltage is at least 2.4V at this supercapacitor. As depictdeigare 53a), it took ~1
minute of harvesting to reach this point, at which microcontroller clutches off to ldamesting
mode. Left alone, this stable mode would last for ~5 minutes; thus, the idle efficiency is 1:5 (1

minute of harvesting provides 5 minutes of idling).
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(@ measuring harvesting for the microcontroller
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Figure53 Charging and discharging profile of capacitors

Measuring harvesting for clutch operation & braking mode.While the previous
measurements evaluated how fast our implementation can wake up the microcontroller (~30

seconds), we now turn to measuring how long it takes to harvest sufficient energy to
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engage/disengage the clutch. Since the microcontroller is already charged, the two clutch
capacitors are also charged. As depicte#figure53b)(1), at the 5s mark, we discharge the first
EPM capacitor, which clutches off (leaving harvesting mode). The device is now in free mode and
the user feels no resistance. Note that our second EPM capacitor is also charged, which we trigger
to re-enter the energyharvesting mode at the 12s mark,Rigure53b)(2). Now, both capacitors
are discharged, and the system does not have sufficient energy to move the clutch; however, the
system is in harvesting. As shown at the 13s mark, the user starts charging by moving their arm:
a single elbow movement chargestba@apacitors immediately; it is already ready to leave the
energy harvesting or deliver haptics elemand. This depicts a fast tutaking efficiency (i.e., 1
movement charges the clutch switching). Fiigure 53b)(3) depicts a later case in which the
device activates the braking mode (which feels harder to move than in harvesting mode). Because
the clutch capacitors are already charged after a single movement, our device can render the
braking mode by discharggthe second EPM capacitor to shortcut the DC motor. The capacitor
is charged again when the shortcut is off, as showrrigure53b)(4). Finally, we found that,
while in idle mode, the capacitors conserve adequate charge for clutch operations for ~5 minutes.
Measuring harvesting for electrical muscle stimulation.In Figure 53c) depicts the
efficiency of harvesting power to drive our simple electrical muscle stimulation subcircuit. We
found that a single arm movement can charge its capacitors sufficiently for 11 electrical stimuli
(300 ms each) to be delivered to the userce&iour electretactile circuit is the same, its
performance is similar. The VR experience can request another arm movement when more EMS
based effects are needed. This depicts also a quickaling from our system (1 arm movement,
11 EMS impulses). Mareer, we found that while in idle mode, the EMS capacitors conserve

adequate charge for EMS stimulation for ~5 minutes.
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Measuring harvesting for vibration. in Figure 53d) depicts the efficiency of harvesting
power to drive our vibration subcircuit. We f
we can deliver 56 vibrations on our LRA (300ms each) before these become too weak, which
happens when the LRA voltageaps below 1V. We also found that harvesting for vibrations
takes longer when compared to clutch, braking, or EMS. We found that ~30s of harvesting are
required to charge up to ~2.1V, which allows delivering ~37 vibrations. Note this was to be
expected, sice we used a large supercapacitor for vibration (0.1F) but not for EMS (330uF). Yet,
this still results in an efficiency of 30s of harvesting to ~1 minute of vibration. Finally, we found
it to conserve adequate charge for their vibration operations forheiss.

Limitations. The operation of any forecdased device (including kinetizased harvesters)
depends on the operatorsd force. As such, we
performance of our device rather than a lower (e.g., users with less mwsck) br higher (e.g.,
users with more muscle force) bound for its performance.

Summary We characterized the efficiency of our device. We found that for all haptic modes,
users will tend to spend less time in harvesting mode (where they provide energy by means of
their movement) than in enjoying cdemand haptics. In fact, we found that aaicrocontroller
requires ~304min of charging for 5 minutes of operation; our vibration circuit can be charged
in ~30s and |l asts for one minute of vibration
EMS stimulator, can be charged infeaw seconds (i.e., these are charged in a single arm
movement). Moreover, if left alone, our device tends to discharge in ~5 minutes; however, it will
always return to its harvesting mode (sending a message to the VR and clutching), so it is always

ready © be picked up by a user and will always walje on charge.

96



Userstudy

In our study, we evaluated whether wearing our haptic harvesting device impacted actual VR
experiences. To do this, we created a long VR experience (the island survival experience shown
in our Walkthrough, in which players could be immersed for longer periods. This is the type of
experience that would deplete existing haptic devices, and, at some point, the user would find
themselves with just input but not enough power for haptics. As such, in this stwdycompared
our harvesting approach to a baselioendition where the participants use only input controllers.
Moreover, this study was conducted withcompletalisclosurgi.e., our participants consented
that Osomething about this studyo® waswedidt t ol ¢
not inform our participants that our device had no battery nor that it was harvesting their
movements This study was approved by our institutional ethics committee (IR®&Y).

Hypotheses.Our hypotheses were as follow¢§H1) our approach would lead to more
realism than the baseline conditionsince we hypothesized that the addition ledptics would
be felt as more realistic beca@®even though our participants would be required to exert more
force to har ve s®ourthdrvesting teghhiue chérged vehike esimultaneously
rendering passive haptics that are, in themselves, asdistic. Moreover, we hypothesized that,
with our approach participants would(H2) feel their senses are more engageathich is a key
feature in immersion183] Furthermore, we expected th&t3) our approach would lead to
more fatigue than the baseline conditiorsince the harvesting of our haptics comes at the
expense of the userodés physical exertiaqm Beca
experience duration would increase with our approachStill, despite this expected physical
exertion and longer gameplay, we further hypothesized tftdb) participants would find this

exertion more enjoyable with haptics than in the baseline condition.
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Preview of study results.We found that our device increased the realism and sensory
engagement, which suggests it is useful for increasing the immersion of VR experiences,
especially for very long VR experiences that could not easily befit from wearable haptics.
Moreover, we alsconfirmed two expected limitations of our device, i.e., it makes the experiences

longer and more physically demanding (since the charging is via physical movement).

Interface conditions and apparatus

Conditions. Participants were asked to play our island survival VR in two conditions: (1)
harvesting-device in which they wore our harvesting device on the arm and held input
controllers to navigate and interact with objects; and ¢@ntrollers-only, in which where they
did not wear our device and used controllers to navigate and interact with objects. Note that we
only use controllers for sensing purposes in both conditions and we did not use theirbuilt
vibration motor in controllers, since we wernterested in rendering all haptics using the power
harvested by the participant without the need for batteries. Interface condition order was
counterbalanced across participants.

Apparatus. An inside-out 9DOF tracking VR headset (Oculus Quest 1) with controllers in
both hands, and our device. In the harvestiogndition, the experimenter discharged all the

capacitors so that thdevice started with zero power

Participants

We recruited ten righthanded participants (M=22 years old, SD=2; five-igelftified as
female and five as male). Four of them had prior experience with VR, but none had experience
with our device or haptics beyond vibration in controllers. It is impartao note that, all

participants did not have prior knowledge about the device in terms of its harvesting capébility
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as aforementioned, this information was withheld from participants until the end of the study

(Incomplete Disclosure).

Tasks

We utilized our island survival VR experience (séélkthrough). The experience was
configured to be shorter than our walkthrough by requesting participants to find three coconuts,
three carrots, and three batteries. Pilot tests were used to inform how long the task should last.
We designed it to last ~10 minuteshaseline condition. To prevent a sequence effect in which
participants memorize the location of the objects and puzzles, we changed the order of the first
two islands and locations of the objes¢cimoreover, we also counterbalanced the condition order.
With participantsd® consent, we recorded their
duration. After each condition, participants were asked to rate the perceived realism, enjoyment,
sensoy engagement, and physical fatigue on-adint Likert scale. The experimenter conducted
semistructured interviews with the participants to collect subjective feedback. Breaks were
given in between theonditions

Finally, only at the end of the interview, we disclosed that our device charged by

harvesting kinetic energy.

Results

Figure54depicts our main findings, which were analyzed using pairéedis.

H1 (realism).First, we found that participants rated significantly higher (F(9)=5.6, p<.0005)
realism in harvesting device (M=5.3, SD=0.7) than controllers only (M=3.8, SD=0.9). This finding
suggests that ouH1 was confirmed (our approach led to more realism).

H2 (sensory engagement\We found the participants rated significantly higher (F(9)=7.7,

p<.0005) in sensory engagement with harvesting device (M=5.7, SD=0.8) than with controllers
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only (M=3.7, SD=0.9). This finding suggests thatk2rwas confirmed (our approach led to
more sensory engagementyvhich is a key factor in immersiofii83] Taken together, our H1

and H2 suggest that our approach to generating haptic feedback from power harvested from the
user, improved the realism of VR experiences

- controllers only
harvestmg dewce

realism enjoyment  sensory physical
engagement  fatigue

N W b 00 O

Figure54 Study results, error bars show standard errors.

H3 (fatigue). We found the participants rated significantly higher (F(9)=5.7, p<.0005) in
physical fatigue with harvesting device (M=5.4, SD=1.5) than with controllers only (M=2.6,
SD=1.6). This confirmed ott3 (a harvesting approach leads to more fatiguegnd confirms
this as a limitation of our approach.

H4 (duration). We found that participants took significantly longer (F(9)=4.9, p<.0005) to
complete the experience with the harvestidgvice (M=18.3 min, SD=4.41) than with the
controller-only (M=11.3 min, SD=2.75). This was to be expected since when using ourttievice,
user performs several additional actions (e.g., more rowing, swimming, etc.) while they charge
the device in case the power is running low. This supports Bdr(harvesting increases the
duration of the VR experiencesand confirms this a a limitation of our approach.

H5 (enjoyment).We did not find a significant difference (F(9)=1.6, p=0.14) in enjoyment even
though harvesting device (M=5.5, SD=1.2) was rated higher than controllers only (M=4.7, SD=1.2).
As such, our H5 was not supported.
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Subjective feedback
Disclosure of harvesting. No participant realized our device was harvesting their

movements. After disclosure of the working principle of the harvesting device, all participants

found It unexpected and felt the integration \
hado row more to reach the islands! ¢, P4 comme
P6 commented’w o w, t hat i's unexpectedo,; and P8 expt

wor ks o.

Harvesting-device. All participants mentioned that they felt the resistive force from our
device when rowing the boat, and that this also contributed to the realism of VR. Regarding this,
participants stated, for instance, that "it felt heavy" (P2) and "heavy when | moveatmmy(P3)

and Othe fact that you have to work your arm

l i mitations were also brought wup: P5 added th
experience of paddling sinceresistae i n ot her joints is missingo
fatigued than rowing in real i feo. However,

rowing made it more enjoyable” (P9). The rising tide on the island happened at least once to
seven (out of 10) participan@in fact, one participant experienced it twice because they
wandered for a longer time exploring the island. The remaining two participants did not
experience flooding because they found items quickly and immediately left threrdusland in
search of the next one.

On-demand hapticsAs for the remainder, ordemand, haptic sensations, most participants
had a vivid impression of their experience with the electactile feedback. Participants stated
the crab felt Ilike "1 was pinched?"3).(nRagt,P2P10) ,

and P4 subsequently tried to avoid the next crabs to prevent them from getting pinched. Inserting
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batteries felt Osome electricityedo (P2) and "t
coconutdés EMS impact as "crashingo (P9) and "
their vibration experience. All participants felt it whentting the palm trees; one participant

stated that Ovibration pulled me into the wor

Baseline.Compared to the baseline, without haptic feedback, all participants mentioned it

felt |l ess real and | ess engaging to their sen
the stimuli even though it hurngy waPs8)e a sOwd rt ¢ch of
Ol was just looking around [instead of feelin

Study conclusion.Our qualitative and quantitative findings suggest that our approach can
prolong VR haptic experiences that lend themselves well to intermittent haptics. Furthermore,
we found that our harvesting approach

might go unnoticed by unknowing participants, which are likely to feel the passive haptics
from the harvesting as a source of realism and sensory engagement, leading to immersion even
during harvesting periods. Naturally, we also found that our approacipraonging haptics

leads to more physical exertion and to longer experiences.

Expanding our concept to more formfactors and applications

To further expand our approach, we explored additional applications, form factors, and other
actuators in this section.

Fire-training simulator. To use our approach in a VR experience, the key is to design
harvesting sequencesh at are adequate for the userodos expe
seamlesslyfFigure55depicts another illustration of using our approach in VR, with the example
of a fire-training simulator, in which users must put out a fire in a building with an unknown
room layout: (a) shows the start of this experience. (b) The user yields a heagybasak down

102



a door of the building on fire. As the user moves the heavy ax, they feel resistance; while, at the
same time, they are charging our device from a estigrt (no power). Once the microcontroller

wakes up, the haptic device communicates to the VR experidoc€he VR experience responds

and breaks the door into pOteasersigw nmovesfteelyuntot i n g
the first room, they are no longer harvesting. Then, the user puts out fires in this room, and the
VR experience requests @emand haptics: such as (d) the feeling of flames (elgeirtle) or

(e) the vibration from a fire extinguisher. Anytime that the haptic device is about to lose power,

it extinguishes the fires in the current room and shows another locked door, whichgbewill

have to ax down (harvesting) to reach the next room on fire.

Figure55 This VR experience immerses the user in a simpldifrging exercise, complete
with haptic sensations.

Endless VR runningDifferent usage of our haptic device by attaching it to the knee joint is
depicted inFigure56 In this VR experience, users play a running VR game, akin to endless VR
runners where usersvalk in place However, our VR endless runner is complete with haptic

feedback, even for hotlong game runs.

103



Figure56 Our batteryless haptic device is worn on the foot in a VR running experience with
haptic feedback.

Figure56depicts: (a) The user wearing our device runs in place. (b) As they run inside water
through a shallow stream, they feel an added resistance from our harvester. (c) As always, once
the microcontroller wakes up and reads a stable power, the haptic desivenanicates to the
VR experience, which responds and stops rendering the shallow water and instructs the crutch
to be release@the user now moves freely and runs on solid ground; they are no longer
harvesting. Then, as users run through different sectiofighe terrain, the VR experience
requestsod emand haptics, such as (d) -tagtieaoslegs)pbr us hi
(e) a sandy terrain (vibration), or (f) running on mud (brakimgpde, high resistance). Anytime
that the haptic device is aut to lose power, it informs the VR experience, which renders another
section of the shallow water, so that the d
movements.

Other haptic actuators.We believe our approach is not limited by the actuators used in our

current prototype. One can envision a plethora of haptic actuators to provide richer haptic
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experiences, such as pressure, temperature, wind/airflow/fluid. In our preliminary explorations,
we found that our device could successfully drive: (1) a small DC motor (26:1 Gearmotor Polulu)
for ~5 seconds, which can be used for pressure or skin stfeextback; (2) a solenoid (ZMF
1632d) for 100ms, which can be used to create impact; and finally, (3) a small Peltier element
(CP08103M) for ~5 seconds, which can be used for thermal feedback; the latter required an

additional capacitance of 0.2F duet®high power consumption.

Prior work on batteryless powering techniques and adaptive systems

The work presented in this paper builds primarily on the field of haptics, with particular
emphasis on sensations that require highergy devices, such as fortaedback (motebased
exoskeletons, frictiofbased haptics, etc.). Moreover, we take insparafrom recent approaches
to batteryless computing, which have predominantly focused on harvesting energy from the user
or the environment for sensing applications. Finally, as our technical approach requires not only
a hardware component (our clutch & letic harvester) but also a dynamic VR environment, we
also review prior work on adaptive VR systems that render scenes to users-timeadlepending

on different constraints (e.g., space).

Batteryless computing devices

The growth of ubiquitous computing devices, internet of things (loT) and wearable devices,
has brought attention to the problem of powering devices that cannot reach a powerline or
include a large battery. As such, many researchers across HCI and eleetrgineering have
been exploring new ways to power devices without the need for batteries.

Wireless transfer & RF backscatteringWhile power can be transferred wirelessly using
Tesla coils, the power required can be dr amat

and the colls tend to be very large even at close distances (also removing the heat from the coils
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Is nontrivial). As such, to power up small devices, radio frequencyl{RéRscattering a popular
technique, in which the batteryless de[8iceds
146] In this way, multiple devices can be powered using one RF transmitter, making the receiving
devices easier to set up around usgt40] One widespread usage of this is RFID technology,
which leverages the same concept for powering ID badges and transit cards. For interactive
devices, researchers utilized RFID for sensing gestures on sufi2z@and tangible prop$73].
In fact, we take inspiration from a recent endeavor to push batteryless devices to the tactile
domain, such as an NF@wered tactile devic§233] Overall, these devices based on wireless
transfer/RF are promising and popular for sensors using small amounts of current, but these
require installation of a transmitter with a large battery or tethered to wall po@#tese are not
ideal for mobile haptis applications such as freralking VR.

Energy harvesting. Without instrumenting the device with a power supply or without
instrumenting the environment with power transmitters, the energy musthaevestediirectly
from the environmenbr its user Next, we overview the most common techniques to realize this
and their application area (for a comprehensive review of energy harvesting[22&d. For
powering small devices, solar ambient light or heat can be harvested. However, using small solar
panels (the kind that would fit in a user or haptic device) requires constant and ample sunlight,
but lighting conditions vary throughout the day. Thdoge, harvesting using small solar panels
is mostly suitable for sensors that operate at low power and in an intermittent mafagr As
for harvesting energy from the human body, body heat and kinetic energy from movements can
be used242] Body heat can be harvested using Peltier elements, which are exciting in that they
harvest passively (the user does not need to engage in a harvesting behavior). However, their

efficiency is low in the small sizes that are wearable, e.g., even very d&igareas covered can
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only generate pW of powef101) not sufficient for driving large haptic devices. A source of
larger energy efficiency is body movement. On a smaller scale, even-micvements can be
harvested via MEMS energy harvesting devices, e.g., piezoel&@yit25and triboelectrid212]
harvester®again, these are promising but outside the range needed for driving strong haptics.
Finally, to harvest more power from the body, large body movement from the joints can be
harvested using electromagnetic generator (e.g., a DC ndtioe) most pwerful way to harvest
Kinetic energy from the body36].

As our goal is to harvest energy for haptic feedback, where the power ranges from mW to W
[35, 136, 245and considering the mobility of the device (i.e., untethered), weksestic energy

as the most promising power source.

Energy harvesting for interactive applications

HCI researchers have been exploring concepts to blend energy harvesting in our everyday
appliances and devicg7, 163]Here, we specifically overview energy harvesting applications
for interactive devices.

For examplePeppermil[208]i s a handhel d i nput knob that
Paper Generat¢®8] harvests power from the user rubbing an electret harvester on paper for
lighting LEDs or driving an ank display. Batteryfree Gameboy218] integrates energy
harvesting into an interactive system, utilizing solar panels and button clicks to power an
interactive game, even bootstrapping between power lo8sestake conceptual inspiration in
this as well, since we engineered our device to bk &b bootstrap itself from absolutely no
battery (by ensuring the default state is harvesting motiggractive Generatt5]is a handheld
knob that harvests energy when the user turns the knob, which it uses for RF communication to

the interactive application. Moreover, while it does not provide a wide range of haptic feedback
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(e.g., vibration or others), it does provide-demand resistance changes, by shortcutting the
terminals of its DC motdDwe take inspiration in this to realize our braking force. Furthermore,
SPIN[28] integrates triboelectric nanogenerators into wearables that power LEDs and a buzzer.
In fact, more recently, a similar approach has even been used to generate-¢datifeedback
[179] However, the output power is still low at the pA level, while stronger stimulations tend to
require mA level intensities. As such, with these previous harvesting approaches, electrical
muscle stimulation or vibration has not been demonstrated and mighte readily achievable.
Generally, these previous devices incorporated energy harvesting by harvestingsfora
duration of timge.g., a button pusf218] or a twist of a knolh15, 208] which limits the amount
of harvested energy (i.e., short harvesting = small energy). As such, this small amount of energy
limits applications of these techniques to devices using relatively low power when compared to
more powerhungry haptic actuatorsg.g., vibrations, EMS, etc.). While we take inspiration from
all these approaches, we take two conceptual turnshétyesting large movements for much
longeOthus harvesting larger output currents that are sufficient to power stronger haptic
devices; and2)c onceal i ng t heHfect¥(i.e.r resistancecthat usersswouddefeel as

distracting) as part of the VR experience & interactions.

Adaptive VR systems

Our system adapts t he -time ®properly WRgratexhp energye nc e s
harvesting in the experience. This is inspired by works that utilize VR to adjust to different
constraints (e.g., space), while preserving immersion. For inst@uemnograpfi44]adjusts the
VR experience dynamically according to the empty space available in the room, while preserving
the same VR narrativeVirtualSpacg145] takes this further by enabling multiple users to
overload the same limited physical space; to achieve this, the system genaltatestive VR
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scene;irun-t i me (such as rendering an effect 1 n a ¢
up® to appear), which causes users to move, eV
the space with other users. Moreover, motivated by the high posegnand for haptic feedback,

a series of research works have been exploring the idea of using humans as actuators in VR
systemg[2932] Specifically, inMutual Turk VR users, without even knowing other users are

present, trade haptic forces with one another. Again, in this system, the VR experience also
dynamically renders the content according to the motion of the other person to render realistic

haptic feedback.iLk e t hese approaches, we take inspirat
dynamically generated in redlme and use it to justify the resistive force felt while wearing our

harvesting device.

Discussion onbatteryless haptic devices

Even though there exists plenty of research on haptic devices, they are rarely mobile. One
prominent issue is their high power consumptif2d 7] leading them to be often tethered; or to
have short battery lives if not having cumbersome batteries (EIgAW[35] estimates the use of
1000mAh LiPo to yield only ~1 hour). This happens because devices generating haptic feedback
require more power, typically orders of magnitude above, than a sensor.

While researchers have explored alternative actuators for the sake of power efficiency (e.g.,
using muscle stimulation instead of mechanical motors; or using blaleed actuators instead
of motor-based actuators), even these alternative devices stilifedtatteries that will likely last
far less than a whole day of usage. For exanp&xmd57] uses a 800mAh LiPo battery, which
allows it to provide haptic feedback for 4h, but only provides resistive force. Similanlyacto
[136]uses a 1050mAh LiPo battery, which allows it to provide haptic sensations for ~200 seconds.
In fact, as devices attempt to simulate richer sensations, they require adding more haptic
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modalities, which implies even more power consumption and shorter uptime. We see an urge of
seeking alternative solutions to batteries in haptic devices.

We demonstrate that integrating intermittent energy harvesting is a viable approach for VR.
While the aforementioned batterpoweredimpactd136]provides ~2000 haptic sensations (each
100ms), we estimate, with our approach, these sensations can be replicated with 3 seconds of
charging prior to each stimulation (during runtime, i.e., after the process of bootstrapping the
microcontroller and commuigations). Our device can provide ~2000 of these sensations within
100 minutes, and it can continue doing this for as long as the user intends, 10 hours, etc. For
Impactato match this, it would need more than its current battery (1050mA LiPo). For example
to prolong its usage to 2.5h, it would require a 3150mA LiPo, weighing ~0.5kg (three times heavier
than the original battery). Naturally, adding more weight to wearables is undesirable as it creates
fatigue, hinders movement, and creates unwanted hag#itsations. Moreover, to make matters
worse, even this now heavier battery (lasting 2.5h) would still need to be charged at son@ point
the bigger the battery, the longer the charging time.

We believe that without batteries, haptic devices can be more mobile and more readily
available, without users needing to worry about having enough charge. Finally, while we focused
on the extreme case of havimg batteries at albne can also integrate batteries in our appra@ch
in this way, the device can provide continuous haptic feedback when its batteries have charged,

or switch to our intermittent harvesting approach when its batteries are depleted.

Summary

We propose a new technical approach to implement untethered VR haptic devices that
contain no battery, yet can render edemand haptic feedback. The key is that via our approach,
a haptic device charges itself movemeraffevere st i n g
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without the user needing to realize this. This is achieved by integrating the erkagyesting
with the virtual experience, in a responsive manner. We instantiated a version of our concept by
implementing an exoskeleton (with vibration, electrical & meoltal forcefeedback) that
harvests the userds arm movements to power ha
means of a user study, in which participants (even without knowing the device was harvesting
their movement) rated a VR experiencenasre realistic & engaging using our device than with
a baseline VR setup. We believe our technical approach affords new uses of haptics for prolonged
usecases, especially useful in untethered VR setups, since devices capable of haptic feedback are
traditionally only reserved for situations with ample power. Instead, with our approach, a user
who engages in hourbbng VR and grew accustomed to finding a battelyad haptic device that
no longer works, will simply resurrect the haptic device with their movem Moreover, our
approach enables new ways to use haptic devices unthinkable for bgtt@mered devices today:
namely, walkup use. Even if the user forgot to charge the haptic devices or change the batteries,
our technigue enables these to work rapidlyiring the interaction.

| show this as an approach tackle thechallenge otinstablepower in mobile and wearable
scenarios(Figure 57. As for future work, we envision how researchers might expand our
approach to integrate different haptic actuators (e.g., Peltier elements) or create new renditions
of our approach for other body parts (e.g., neck, shoulder, and so forth). On the sofavate |
one can explore variousalgorithms that optimize for interaction longevity, sensory

Immersiveness, anserpreferences.
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Figure57 Adaptive haptic feedback enablesnsistent haptic fidelity for mobile
experiences.
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After addressing the twdundamentakhallengesin Part 1ll, | demonstrate thdtow a haptic
device that isunobstructive for physical interactionsand used in anobile scenariocan be

valuable in assisting daily tasks.
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Part Il - Opportunities: Haptic assistance in everyday life

Through the work | propose, Want to depict that new possibilitieshat become available
once we prioritize mobility, rather than aimg for maximum haptic fidelity. | posit that this will
move haptics into new territories, such as haptics that support daily activities, mixed reality, and
even sports. Haptic devices would be integrated into devices that are not only be uabd,im
arcades, at homes, but follow us to anywhere in almost every of our activities (just like
smartwatches and earphone$p demostrate the benefits the following section] show a new
wearable sensory substitution that supports Blind users to feel and grasp objects in their

everyday life Seeing with the hand$98]
Seeing with the hands: a sensory substitution that supports manual

interactions

© participants (including Blind/Low Vision)

most sensory substitution
® 34 valued this new hands’ perspective

see from eyes’ perspective

® we explore seeing with the hands

R

P
Figure58 We proposes e ei ng f r om t h Ecarhesamdudted optheharmme ct i v e
which gets rendered as an electrotactile image on the back of the hand. In our user study, we
found that this enables flexible manual interactions, and supports ergonomic interactions, e.g.,
less crouching, leaning, craningce{Photos with consent from participants)

113



Motivation for enable seeing with haptics
Perceiving the characteristics of objects (e.g., shape) at a distance is advantageous for
preempting interactions (e.g., preparing grasp while reaching for an object), identifying parts of
the environment (e.g., avoiding obstacles), and building spatidetstanding. Neuroscientists
have long established that during the reach phase of a hand grasping movement, humans (as well
as other p-s h mp ¢ e s Ji7e, Q16,247 dest fit the object they intend to
manipulateédthese types of preemptive adjustments of one's grasp also led some to denote this
phenomenon as anticipatory planning of reatdtgrasp movement§l91] Particularly, it has
been understood that the target objectods shape
muscled49]. I n fact, Ovision appears to be more re
[18], as oneds hand a ptime gsaa feedizack decomesbmore critical tor e a |
prepare their grasp accordingljd8, 54] However, this is extremely difficult for Blind or Low
Vision individuals who cannot rely on sight for these adjustments during object manipulation.
Sensory substitution devices, while initially proposed to study brain plasticity, became
powerful interfaces allowing users, especially those that cannot rely on visiafistallyperceive
objects by translating information from one modality (e.g., visual) to another (e.g., tactile).
Canonical examples of the many sensory substitutions in prior work includeBtiagnPor{255]
and a forehead device developed by Kajimoto, g€4l, which stem from research in visutd-
tactile interfaces dating as early as the 198@. These interfaces, like others, utilize a camera
for input and a tactile array for output. The camera is typically worn on the forehead and captures
visual information from thee y e s é p émagep ere prdcessed to extract features (e.g.,
contours of objects) and displayed to the user by means of a haptic device. Most commonly, the

device renders the ciamagads uvi ®gy89, 0B e268brr @tt aacctt i
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vibrotactile[12, 133]Jfeedback. Over the past decades, this type of sensory substitution has
successfully enabled Blind, Low Vision, or blindfolded users to tactilely perceive many features

of their surroundings from a distanc7, 18Q]In fact, BrainPorthas become a commercially
available assistive technology. Given the success of sensory substitution, much research effort
has been dedicated to design variations on these systems, especially focused on exploring which
areas of the body to use for the hapbutput. While the forehea®7, 181nd tongue[11, 89]

are two of the most welknown candidates, other devices render theirtaetlena ges t o t he
abdomen133] back[12], and even thigh37].

Yet, while many have explored where to place the haptitput,t he camer aés | oc
remained largely unexplo@dith many sensory substitution devices using tactilrages from
theey e s & p. doreoypere © Mmatoh the viewing perspective, most devices utilize a haptic
output location with a similar frame of reference (e.g., similar viewing angle or even fully
parallel) to that of the eyes, such as the case of the forehead (parallel to theteygsk (same
heading as eyes), and back/torso (mostly parallel, usually same heading). Intuitively, there are
excellent design reasons to use this epesspective andender tactile images to a body location
with a similar frame of reference (e.g., forehead), namely the naturalness of the placement (i.e.,
head rotates, and the view rotates accordingly) as well as the view it affords (i.e., facing forward).
These might gplain why these devices are typically used for rendering surroundings (e.g.,
walking [133], avoiding object$27], and so forth), butarely for assisting with interactions that
involve object manipulatios,g., perceiving the affordance of the object (e.g., shape) in order to
adjust hand shape for successful grasfing, 216]

Hence, we exploreadding a new perspective for assisting with object manipulatign

distinct from the one afforded by the eyes, that might enhance flexibility of sensory substitution.
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To this end, we engineer & study a wearable device enabigegs tasee with their handswhen

hovering over objectsFigure 1 depicts users feeling taciieages rendered on their hands from

a camera mounted on the palmar side of their hands. This new perspective allows users of sensory
substitution to | ev®haag movet rapaly, reachimysfromuftiplee x i b i |
angles, exploring tight spaces, circling occluded objects, etc. To realize this, we implemented a
novel sensory substitution deviansisting of a wristworn camera, whose image is displayed

as through a 5x6 electrotactile array on thacko f t h e Wsnevindtbe elecirotadtile

array to the back of the hand prioritizes the ability to interact with physical objects with the
palmar side of the hand.

To understand the benefits of Oseeing with
Low Vision participants, as well as blindfol dc¢
tactile-perspective, one at a time, to perform challenging manudidag/e found that while both
perspectives provided comparable performance,
ergonomic interactions, especially when reaching for objects.

At this point, the reader might expect we are proposing replacement of the traditionat (eye
view) sensory substitution withHovwverthisisadt vi ew
thecase Our goal is to explore and understand th
the handso towards the goal of combining both
out all interface combinations. We found that when given the option te esgher or both devices,
all participants chose to udeoth. We believe that this novel combination will unleash new modes

of interaction and new benefits for users of future sensory substitution devices.
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Contributions & positionality statement

Our contribution is the exploration of a novel interface concept for sensory substitution, in
which userssee with their handdy feeling tactile patterns on the back of their hands captured
from wrist-mounted cameras.

Benefits.Our approach has several key benefits: (1) it provides a fresh perspective to sensory
substitution, by exploring a new location to place the visual & tactile components of the interface
(camera on palmar side & tactile image on dorsal side); (2) the haerdpective was found, in
our study, to be suited for ergonomic reaching; (3) it enables new applications for sensory
substitution, which we drew from participants feedback; (4) relocating the electrotactile array to
the back of the hand provides a newsilgn strategy for sensory substitution devices that wish
to prioritize the userod6s dexterity; and, f
substitution, we found that the handserspective can be easily combined with the traditional
eyesperspective, and, in fact, all our participants opted to do so in phase 2 of the study.

Positionality statement.Our device & study was edesigned and piloted by a blind lead-co
author. This author was born legally blind and has no functional vision now (only light
perception and color contrast). We acknowledge that this does not represent the lived
experiences ofongenitally blind (i.e., no visual memory) and low vision individuals. Moreover,
as with our blind participants, our blind author has no prior experiences with sensory
substitution, so design decisions were also made from a wisimpoove the initial experience

with these devices.

Prior work on sensory substitution
The work presented in this paper builds on the field of haptic devices for sensory substitution.
Since our goal is to support users wishing to raisually explore and interact with anything in
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their surroundings by means of tactile sensations, we primarily focus our related work on tactile
visual sensory substitution devic&¥e also succinctly overview devices for haptic guidance,
especially, those also exploring a hapdrspective. Finally, given that our implementation is

based on electrotactile, we succinctly review this haptic technique.

Sensory substitution

In 1969, Paul BaettRita developed the first sensory substitution devitactile Televisign
which converted iIimages captured by a stationa
back[12]. After extensive training, blind individuals were able to understand the movements of
people and objects in the environment, etc. Since this pioneering work, many sensory
substitution devices have been developed. While the original device enabled atagaatile
translation, others have explored translating to other senses (e.g., Miswalditory substitution
[39, 150, 25K]Given the extensive range of this field, readers can refer to the reviews on the
subject[14, 44, 117, 131, 209]

When focusing on visualo-tactile substitution, tactile images have been rendered to the
forehead[97, 181]tongue[ll, 27, 89Jabdomer{100, 133]back[12, 76] and thigh[37]. These
devices often capture visual information from tleyes' perspective similar references (e.g.,
torso) and render it to a tactile array using vibrotacti#2, 133Jor electrotactile[11, 97] A
modern example is th&rainPor{255] a commercialized product featuring an electrotactile
display on the tongue. In most cases, the image is processed to extract f&iymieally,
contour®that are rendered as tactile sensations. For instance, if a person BsiimPortor the
forehead device proposed by Kajimoto, et[@?]Ol ook s & at a door, they v

tactile bumps on their tongue or forehead.
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Others explored capturing information from the perspective of body parts other than the eyes
or the torso. In audievisual substitution, Brown, et a[24] found it was easier to recognize
objects via a handheld camera (like a flashlight), compared to using arheadted camera. In
tactile-visual substitution,FingerSigh{72] proposed a fingemounted camera that captured
edges to be perceived on the finger via two vibromotors. Krishna, gtE]used 14 vibromotors
on the back of fingers to present facial expressiofs:oughHand88] engineered a tabletop
device for visually impaired users comprised of an overhead camera and a-shapging
display; by resting their palms on the surface, users are able to feel the content (e.g., 2D video
games) as the pins of the shape display up@atkile designed for a purpose very different from
our approach, this interface shares one common goal with ours, i.e., rendering multiple
stimulation points on [102lrenslates] the deEh inhagenotlascamerd i | 1 a |
mounted on the back of the hand to a tactile pattern on a 3x3 vibrotactile array, enabling blind
participants to navigate an obstacle course. Lobo, dtl8R]used a line of vioromotors on the
legs to represent the height of upcoming obstacBsderSengg47]explored tactile perspectives
from multiple parts of the body, by translating distal information to servo motors that push
against the useroés skin.

Hands have been shown to be effective locations for perceiving tactile images. Yet the
aforementioned sensorgubstitution systems mostly focus qgwerceiving virtual imagege.g.,
ThroughHand88] renders a game screen, wearable gldid$]render emoji icons) onavigating
the environmentge.g.,Unfolding Space GloJ#02] assists only with avoiding obstacles, of
identical shapes, while walking). As such, existing sensafystitution systems rarely consider

interactions with physical objet®e . g. , prepar e gr d478,R16fImcontrash j ect O
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handwor n haptic interfaces have been explored e

with objects, which we discuss next.

Haptic guidance from the hands' perspective

Researchers have explored haptic cues to gui
haptic patterns are typically designed to be perceived fromiha n d s @ Othe spatig@ct i v e
information of the target igelativeto the hand. This has been shown to be an intuitive strategy,
e. g., if the target is on the | ef t[23t58ordnhe wuse
the wrist [164, 213vill vibrate to guide the user to move to the left.

While many works were realized in virtual environments, a follayp work of FingerSight
[172] contains a miniature camera with four vibromotors worn around the index finger to
indicate the direction to a targePalmSigh{235]used a depth camera placed on the palm and
five vibrotactile motors on the back of the hand. The direction and distance of a target object
(from the depth camera) relative to the hand were translated to activate corresponding
vibromotors. While the autha described their work as sensory substitution, they emphasized
that PalmSightOr el i es on t he clevaljudgeneent, etg.ovhetharkhe target g h
object is identified and wh[285] Thisthighlightstheacore ve | o
difference betweerhapticguidanceand typical sensonsubstitutionsystem©haptic-guidance
systems must be able teack the object of interesthich relies on the assumption that (1) the
user has indicated an object (they assume it exists in the scene); and, (2) the system will track this
object for the user. With these assumptions in place, the system then resorts to different haptic
cues to ster the user closer to the tracked object. Compared to haptic guidance, tactileysenso
substitution foregoes these assumptions and lets users-vigmally parse the scene by

themselve®users do not indicate objects of interest or ask the system to track objects. Instead,
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they receive information about their surroundings and make judgements by themselves

(decisions happen in the usero6és brain, not in

Bringing the handsé perspective to sensory su
Instead of guiding to objects, De Paz, etj4l] explored a sensorgubstitution device that
all ows free exploration f r omisubllyraspitgaTiheldevice p er s
consists of two vibromotors worn on the index finger and thumb. The intensity of the
vibromotors increase asfingessp pr oach objects (akin to a game
that blindfolded participants were able to locate, identify, and grasp cylinders on a table in a
fully -tracked environment using moticoapture system. Yet, since their device only featured
two haptic stimulation points (two motors), the authors reported that the device fell short on
presenting the shapes of objed¢tl].
We see a missed opportunity hé€ehow can we leveragethe and s @ ptesupp@te ct i v e
the complete interactions involved in object manipulation (e.g., including shape recognition)?
We believe that by bringing more expressive sensory substitution to the hand (i.e., 2D tactile
di splay allowing to feel tactile iIimages), we

flexibility and mobility to assist object manipulation.

Electrotactile stimulation

Electrotactile stimulation is a technique that creates tactile sensations by means of electrical
i mpul ses, del i ver ed a o d%Fledrdtastiethasdeea shonanto us er
generate various sensations on the skin (touch, pressure, textiies]95]and offers several
advantages over canonical vibrotactile feedback. First, since electrodes can be made thinner (just
0.1 mm thick) than mechanical actuators (physical displacement requires space), electrotactile

arrays can be made slimmer and more comfable than a vibrotactile arrays and therefore
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suitable to be worn on various parts of the body. Second, electrotactile feedback has been shown

to be felt more localized than vibrotactile feedbad86, 205]which makes electrotactile a

suitable method for higiresolution tactile arrays. As such, besides sensory substity8ad#h

there is growing interest in electrotactile for many interfaces, sudbtasch feedback in virtual
environmentg[192, 197,222, 2271 gui dance di s p !l [A86]and oot[2065]leed u s er O
prosthetics[187] We invite the reader to refer tfil12]for a thorough review of electrotactile

and its applications.

A new perspective for sensory substitution t@ssist with manual interactions

Typical sensory Ssubstitution interfaces ar
surroundings (e.g., navigati on, avoiding obst
common position at theeyes(and in some work, also at torso, waistvel). While prior work
explored placing camera on the back of the hand as to avoid obstd€l2f this leaves us to
wonder: could a more flexible perspective, i.e., facing the direction of a possible hand grasp, be

useful?

ESeeing with the handsé& for manual i nteractio
We explore a new tactilperspective by which users of sensory substitution devidss e e

wi t h t h &feeltadtileimagjes éendered onto their hands, which are captured from hand

mounted camerasn the palmar sideThis is the side of the hand facing towards objects to grasp

for hand manipulation (as opposed [02)). Figure59illustrates our concept by contrasting it

with the more traditional eyesd perspective: (

perspective and a tactile interface tseeingeel v

with the handwia a tactile interface attached to the baskle of the handSthis allows users to

preserve tactile sensitivity on the palmar side to grab and manipulate objects with dexterity. This
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perspective is unigue 1in that it enabl es wuse
affordance®namely their flexibility & speed as hands can move rapidly around the body,

skirting objects, reaching from multiple angles, getting into tight spacesling behind occluded
object s, etc. As depicted in this example (fr.
perceive the shape of the object and adjust their grasp during reaching, even when manipulating

a risky object (e.g., a solderiirgn).

@ traditional sensory substitution (B we propose seeing from © .. and combined perspective
sees from eyes’ perspective hands’ perspective

Figure59 Contrasting three different tactilgperspectives for sensory substitution.
Besides contrasting our approach with the traditional (eyes) perspeckigure 59 (c)
highlights an important aspect of our concept: we ametpr oposing to replac
perspective with that of the hands®6é; instead,
seeing allows these approachesctambinei.e., by seeing from eyes, hands, or both. In fact, we

found in our study that when given the option to use either or both devices fredliparticipants

usedboth
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Implementation

To instantiate our concept, we implemented a wearable prototype. To help readers replicate
our prototype, we provide the necessary technical details. Additionally, all source code &
materials will be made publicly availaBle

Figure60( a) depicts our prototype worn at the h
study, we also adapted this prototype to the
forehead (on a glasses® frame) andhdadbadasl ectr
in [97, 181)] Regardless of the type of perspective, our prototype is comprised of two main

modules (vision & tactile) connected to a PC where the processing is performed.

@ U substit#tion from ® camera view from the hand
e hands’ perspective B S :

electrotactile
display

red indicates activating electrodes

© hardware (@ camera image processing

raw image frame

[ grayscale & binarize |
{

RGB camera

camera
serial

g ¢
= oy T—
'R L © @ ‘ E = v;:vA_'
'BCC = i [Canny edge detection|
["’ HNEEE .
pair | e o multiplexers controller + [Closed contours |
stimulation for 30 channels electrotactile closed contours
30 electrodes stimulator serial

(refresh rate 12 fps) overlapping-electrodes detection |

Figure6Q Implementation.

3 https://lab.plopes.org/#seeing-with-the-hands
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Vision module. We utilize a miniature camera (10x10x5 mm) with 60° field of view, to
minimize obstruction, especially when mounted on the hand. The camera sends its data over USB
(15 FPS). A Python program uses OpenCV to process images, using the simple pifednesin
60 (d). First, we threshold the raw RGB image to grayscale and binarize (at a threshold of 90,
adjustable for lighting conditions, albeit not automatically in our implementation). To reduce
noise, we apply a Gaussian blur (5x5 kernel). Then, contours asetddtwith the Canny edge
detector[257]and filtered based on their area, retaining only those greater than 1,000 pixels. A
final polygonal approximatiorf258]is used for contour refinement. Finally, a grid of circles (5%6)

Is projected on top of the processed image, each cireular| | depicting an el ec
skin. An electrode on this grid is considered activated if a contour passes inside,ietedeap

Figure 60 (b). The list of activated electrodes is transmitted via serial communication to a
microcontroller.

Tactile module.Our implementation makes use of electrotactile stimulation. The hardware
is depicted inFigure60(c). An electrotactile stimulatdi96] and our multiplexer are controlled
with an ESP32 microcontroller board. Our multiplexer (similar architectuf@@s) routes which
electrodes outputs the stimulatords signals toc
of 32 electrodes. The tactile arrays were fabricated using flexible PCBs (flexPCB), since their
polyimide substrate is strong (e.g., hard rip), while still being relatively thin (0.1 mm). 30
electrodes (8mm) are used to cover the back of hand or the forehead placed in a 5x6 grid with
equal spacing (15mm), which is larger than the fa@nt discrimination on the back of hand
(9mm([174) and forehead (3mi{®7]).

Stimulation parameters.We use a pulse generator with programmable current output

(circuit design from{96]). For each tactile pixel, we program the circuit to form an electrode pair
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(we found in pilot experiments that the sensation was robustly felt at the ground electrode,
despite the location of the positive electrode; thus we chose to stimulate a horizontal pair of
electrodes as depicted Figure6@). We stimulate with a squareaveform with a pulse width

of 360 €s at 200 Hz. These values were determ
and comfortable sensations on the back of the hand. The curremin@) is calibrated for each

user (seeUser Studyor calibration details). We utilize time division for stimulating multiple

tactile pixels. The refresh rate of the entire tactile array is 12 frames per second.

Userstudy:Under st anding the contribution of
The goal of our study is to understand whether there is a unique contribution of seeing with
the hands for tactilevisual sensory substitution. Therefore, we designed a study with two phases:
(1) singleperspective phasewhere participants completed tasks using either the haodsyes
perspective, but not both simultaneously. This was purposefully designed to collect data
(quantitative, qualitative, and observational/behavioral) that captured where they succeeded or
struggled with the affordances of eacHevice (2) combinedperspective phase where
participants completed a final task in which they could freely choose which perspective they use
(eyesd, handsd or both at the same ti me).
Since our goal is to gain insights that might one day impact users of future substitution
devices, most of whom are Blind or Low Vision, our study waslesigned and piloted iteratively
by one of our blind lead authors.

This study was approved by our institutional ethics committéeB211229.

Tactile perspectives (sensory substitution interfaces for our study)
Handr s p e hasdpdewice):i Thie is Our proposed new perspective. This was

implemented by means of the device describetmplementation Participants wore thé@and
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deviceon their dominant hand alongside its baokhand electrotactile display that renders
tactile image from the wrist mounted camera.

Eyesri peeysqedce)tThiviea béaseline condition that we chose to represent the
traditional approach, with the camera mounted
an empty glasses). We chose the forehead from prior work [87), as the forehead was shown
also be suitable for electrotactile display.

Apparatus. Besides the location of the camera/taciiigray, both devices were identical in
their implementation (same hardware & algorithm). Participants also wwth (eye & hand)
devicesat all times The study was conducted in a room with white walls. A table was used to
place objects. For data collection, a fisheye camera was mounted in front of the table. HTC VIVE
Trackers were attached to the parti ctoripsant sé6 d

Minimizing bias. Importantly, all participants had no prior knowledge about sensory
substitution devices and were not told which was our interface condittem@-devic¢and which
was the traditional sensory substitution deviceyésdevicg, instead they were neutrally asked

to try both.

Participants

Eight participants were recruited, five were male and three were female (average age=36
years, SD=15.23). Four were sighted @Swhile four were Blind or Lowision (PBE3).
Participants were offered the option not to have their videos recorded, andp&rticipants

preferred to not be recorded. Participants were compensated with 50 USD.

Calibration of electrotactile interfaces & tutorial
Before the trials, we calibrated both electrotactile displays and provided an explanation on

sensory substitution.
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Calibration. An iterative calibration of all 60 electrodes (forehead & hand arrays) was
performed to ensure that each of the electrotactile sensations generated by the array could be
felt clearly and localized. During calibration: (1) each tactile pixel (an electmale was
stimulated; (2) participants then verbally assisted the experimenter with adjusting the intensity
of the stimulation (starting from OmA and increasing by 0.5mA steps), until; (3) the stimulation
at the target location was felt clearlgnd without causing pain; (4) finally, if the sensation was
not collocated with the electrode pair (e.g., causing referred sensation at the fingers), the
electrode pair was skipped to avoid confusion (at most we only allowed to skip five pairs out of
30 rer participant, to ensure at least 25 active and vealibrated electrode}this calibration
process is typical in electrical stimulation devices (e.g., simil§8%5o 192]

Tutorial. Most studies on sensory substitution use long training phases, sometimes up to
several hourg14], however, we wanted to explore how participants might make use of natural
affordances of each interface so we limited this to 10 minutes per condition (order ceunter
balanced). In these tutorials, participants had a chance to try sensory substitutighefdirst
time (even our Blind and Lowision participants had never experienced such devices) and also
experience how electrotactile feels. Participants were asked to: (1) use the device to feel a sponge
ball without touching iOthis allowed participantso get familiar with field of view of the camera;

(2) trace the outline of a plastic fratbget familiar with feeling a bigger object containing line
and corner features; (3) explore a PET b@tet familiar with objects that have a significant
third (height) dimension; (4) find & grasp the sponge ball three ti®#ss allowed them to get

familiar with the mechanics of the upcoming trials.
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Study Phases

Phase 1. singper specti ve phase ( ¢ 0o mp aAftar granmng, o f ey
participants were asked to use each perspective (eyes or hands conditiedt a timeto
complete four tasks while blindfolded (regardless of visual acuity). The tasks were designed by
our lead blind author so as to involve a diverse set of everyday manual interactions (extending
prior visuaktactile sensory substitution which studied oimgle objectg41] or navigation[102).
The tasks as depicted Figure 6], are:(1) object identification task:finding and picking up a
pen among three objects on the table (similaf@pstudying daily objects)i2) object orientation
taskpi cking up a Ohoto& soldering iron by its ha
safety), which represents a safety task with similar concepf$22] (3) handeye coordination
task: find and pick up a bottle lid from the table, and subsequently find a bottle on the table
(without touching the bottle, align the two,
on the opening (this task is similar to a{aming task in[119); and,(4) obstacles & occlusion
task:find a small notebook inside one of the three boxes that are placed unknowingly beforehand,
without picking up the wrong object (a pen is placed inside another box). The final task

represents a scenario with obstacles which were shown to affect rea¢htidj

(@ phase 1: single-perspective ® phase 2: combined-perspective
(1) pick up the pen  (2) grasp the handle (3) pick up the lid & (4) pick up notebook find the hand to shake
of soldering iron put it on the bottle
Figure61 Study tasks

Trial design. We limited each trial (i.e., a task done using one condition) to a maximum of
five minuteif by the end of the time participants were not able to complete it, we moved to

the next. To ensure that participants solved the taslksng the actual sensory substitution
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interfacesand not just by touch alone, we instructed them that if they touch an incorrect object,
this counted as a mistake. This encouraged that they explored objects via the sensory substitution
prior to attempting to grab them. For instance, if a participantask 1 (picking up a pen among
other objects) grabbed the wrong object, a mistake was counted, and the objects were reshuffled
to new locations (the completion time was paused while experimenters reshuffled). The
participants were given time fooreaks in between tasks.

Questionnaire & metrics.During each trial (a task, performed once per device), we collected
videos of their movements, completion time, hand and head trajectories, and number of mistakes.
Finally, once they completed a trial, they were asked to rate physical and cognitivethoesk
two items were taken from the NASA TL63]) as well as provide comments on what they
experienced, which were transcribed by an experimenter. Observed behaviors were transcribed
from videos; two of the authors annotated each recorded video using a sequences dfl@3jles
which included (1) descriptions of hand & head movements and locomotion, and (2) the
occurrences of wergonomic postures, e.g., neck inclination, trunk inclination, and crouching
according to ISO 11226 and EN 100%].

Condition order. Within each task, the condition order was courtiealanced across
participants (i.e., if a participant used the harasrspective first for task 1, they would use the
eyesperspective first for task 2).

Phase 2: combinegerspective phaseFinally, participants completed a task in which they
could choose any of three perspectivés) eyesonly, (2) handonly, or (3) bothat the same
time. To toggle between the three different perspectives, they simply said the desired perspective
out |l oud (Ohand¢, Oeyesdo, Obotho) and Then expe

task was to find a person anghake their hand(extending a task similar tfi33]with additional
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manual interaction) They were told that the person could be standing at any location of the
room with their hand extended, including higher or lower than a normal handshake position.
While at first glance this task seems easier than our previous ones (e.g., than findifgeanio

boxes), pilots with our Blind author confirmed this task is challenging. First, this task is less
spatially constrained, i.e., while the objects were on an unmovable table (acts as a frame of
reference), a person can stand arhave in a room (larger frame of reference). Secondly, moving
and exploring the room in search of a person is harder than finding objects on an empty table
(clear signals), since a person can stand behind camera tripods, in corners, etc. This heightened
difficulty was intentional since we wanted to see what participants used each perspective for. At
the end of this task, experimenters asked the participants to explain their rationale when

choosing the perspective(s) they used.

Results from interactions using a single tactile perspective at a time (eye or hand phase)

We first report findings from the first phase in which participants used one device at a time
for each task. The quantitative results including cognitive & physical loads, mistakes, and task
durations are reported ifrigure62

Comparable performances and loads fétrand- and eye-device. We observed a comparable
average number of mistakes for both devices, with tlagd-deviceat 0.7 (SD=1.0) and tlege
deviceat 0.7 (SD=1.0). Across both perspectives, five (out of a total of 32) tasks were not completed
within the limited time. The task durations for the hardkvice is in average 148 seconds
(SD=102), and the eye device was 139 seconds (SD=97).

The average physical load was lower witthand-device. While we did not find a statistical

difference in cognitive load (hand: AVG=4.2, SD=1.7; eye=4.4, SD=1.7), we found that the average
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physical load with hanetlevice was significantly lower than of the exgevice (AVG=2.1, SD=1.2;

eye: AVG=3.0, SD=1.9; pairetst; p<.001, F(31)= 3.69).
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Figure62 Phase 1 study results (Numbers are average with SD in parentheses).

Blind & Low Vision (BLV) rated lower physical load.We found a significant difference
between BLV and sighted participants in physical load with-elgwice (BLV: AVG=1.9, SD=1.2;
sighted: AVG=4.1, SD=1.8; paird@st; p<.001, F(15)=5.03), and with hdewice (BLV: AVG=1.6,

SD=1.1; sighted: AVG=2.6, SOxDaired ttest; p<.05, F(15)= 2.47). We did not find a significant

difference regarding cognitive load. Moreover, we observed comparable mistakes and duration.

Emergent scanning behavior for exploring objectdNe observed that participants adopted
scanning movements (despite never being told about ¢hi)ve their eyesievice orhand
deviceback and forth to Oscan®d objects. Al so,
from different angle©by rotating their hand when using theand-deviceor rotating the whole
head/torso/body when using theyedevice This scanning behavior was confirmed by our
trajectory data. We found that the average trajectormdgh showed more movement of the body
part where the device was placed. When using Hamddevicethe hand moved an average of

11.8 m (SD=3.4) while the head moved 5.6 m (SD=1.3). When usggdbeicethe hand moved
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an average of 7.7 m (SD=2.1) and the head moved 9.1 m (SD=2.4). As we will see next in the video
observations of participants® behaviors, t he
to those of the hands) were felt as less ergonomic than hand mewtsm

Eyedevice led to more unergonomic behaviors tharhand-device. When using theeye
devicecrouching was more commonly observed to perceive the object from a different angle or
to avoid occlusion (e.g., see inside of boxes). Across all 32 trials, 17 crouches were observed with
the eyedevice compared to only six when using thenddevicelan example shown ifrigure

63 in thumbnails #3 and #4, which is considered an awkward poft@ie This observation was

corroborated in participantsd recount yeof t he
devicé | need to bend down, and it waeyedéviegr t i ng
you can't scan it the same way as using your

objectso. Ot her U4Rlewhilg osng theegedebicaviee \ohsenred for all
participants, such as craning the neck (i.e., neck flexion). Furthermore, across all trials, we
observed 18 trunk forward inclinations (an example showfigure63 in thumbnail #2) while
leaning when using theyedevice compared to only six with théanddeviceTo this end, PB6

stated: Ol -device]isprattitaibackuseits g pais in the butt to always crane your

neck to figure out what it i s 0O. | mnddevicetb r a st ,
feel freer. Na mealew,i cR34 ist dtreece rOmanmdd[easi er t o
Ol feel I i ke | -dewca]fol sgannng and therheatdpviee] fdr trymgl tp tell

|l i ke the shape o fehavidtrsein thestudg ard depicteddifigeredb | ar b
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(@ hands’ perspective

Figure63 Comparison of hand and eye devicéBhotos with consent from participants)
Hand-devicefelt easier.Namely, across all their feedback, we found 15 trials where, without
being prompted, participants specifically stated that trenddevicevas easier to use, and only
2 trials where they specifically stated theyedevicewas easier (for the remainder trials, no
specific device was stated to be easier). While there was a high degree efaskeagreement
(i.e., PS1, PS2, PS4, PB6, and PB7 always specifically stahedhthadvicdelt easier regardless
of the task they commentedn), there was one preference that was task dependent (i.e., PS3

specifically stated they preferred treyedevicdor task 2, but thdnand-deviceor task 1).

I@ hands’ perspective ® eyes’ perspective

ol

confused by
the floor

Figure64 Contrasting the frame of referender hand and eye device@hotos with
consent fromparticipants
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Eyedevice requires spatial reference We observed cases in which participants
momentarily were lost with their exploration, i.e., not knowing where they were with their
device. While this happened for both devices, participants exhibited different behaviors for each
device.Figure64(b) depicts one example of this, in which PS3 is momentarily lost when using
the eyedevice They searched for the edge of the table, but confused by their spatial

understanding, they waved their hand in front of the egamera to reestablish the matching

bet ween the tactile image and the pheagseadal wo
the color contrasto. Three participants direc
frame of reference. To this end, PS1 stated:

Is intuitively, all I had to do was imagina camera on the wrist, like, when | think about touching
things it needs to go to my palm |like having
contrasted this with their experience with theyedevice st ating: Ol map out r
| used [the] side of the table and feeling of continuous [stimulation] as a reference for where
table started [and] endedo (by physically movi
PS2 st etdaley tHad red@ly hara time [locating] wére it is, so | tried to [zoom to] table and

maybe it was just near the edge. It was very confusing. | felt like maybe it would be an edge but

maybe it would be object alsoo.
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@ hands’ perspective

Figure65 Contrasting usinghandand eyedevice to align he lid and the bottle. (Photos
with consent from participants)

Reaching for objectsGenerally, we observed that tHeanddeviceallowed for a smoother
pursuit when reaching objects, while reaching for objects with #yedeviceaequired additional
matching and was subject to occasional occlusions from the hand during rea¢hgwge 65
illustrates some of these observed behaviors: (a) when usingahddevicewe observed how
participants performed their reaching gestures, often by keeping the object in the center of the
tactile array and then pursuing it; in contrast, (b) when using thadevice participants fixed
their head orientation and then moved their hand into the view, checking once it overlapped
with the object which indicated the hand was aligned with the object. While this behavior often
ran into hand occlusions and can cause confag@g., PB3 overshot their hand to target), it can
also be beneficial, for instance, for alignment tasks, such as putting the lid on the bottle as shown;
in fact, PB5 stated they found this easier for the bottle task and we observed PS4 using a similar
strategy for the soldering iron. From their behaviore also observed that both PS4 and PB5

were at times confused by their own hand occluding the view, despite the fact they were able to
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create a compensatory strategy and make it work. Specifically, regarding reaching and alignment
with objects, P-8elice]sl toalt feal wher® fhevbottlehcapewas and match

where my hand was on the head, [it] helped me pinpoint wherelshdu be movi ngo. S
PS4 stated: Ol changed strategy for putting o

the bottle is on the | eft side of the forehea

Results from allowing participants to choose any tactile perspective (eye, hAptiasetl)

Finally, we report the results for the second phase of the study, where participants were
allowed to choose any combination of tactile perspectives (eye, hand, or both at the same time)
to complete the handshaking task. The quantitative results are regant€igure6g particularly
a perparticipant timeline of device usage in this final phase.

Task difficulty. One participant was not able to find the extending hand within the allocated
five minutes. The average cognitive load was 4.3 (SD=2.6) and physical load was 2.9 (SD=2.2),
both slightly higher than in the average of all the individual tasks from phase Hi¢clwwas
expected since this task was less constrained than that of phase 1.

All participants used both devicesFor this task, participants were able to freely choose
which device to use (task started with none selected). Overall, we found that all participants used
both devices at least once to solve the task. Specifically, two participants chose to use botk devi
at all times (PB5, PB8). Three participants switched Jaackforth between theeye and hand
deviceput only one at a time (PS1, PS2, PB6). Finally, the three remainder participants chose to
use all devices either diividually, or at the same time (PS3, PS4, PB7). The aggregated timelines

of device use are shown Figure66
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Comparing Blind & Low Vision (BLV) with sighted participants.We found that BLV

Figure66 Results from phase. 2

participants took, on average, less time to finish the task when compared to sighted participants.

In terms of cognitive and physical loads, we did not find a significant difference. Interestingly,

the two participants who chose to useth devices at the same time were BLV participants (PB5,

PB8). Specifically, two sighted participants (PS1, PS2) mentioned it felt overwhelming to use both

devices concurrently; conversely, this type of comment was absent with BLV patrticipants.

Switching & concurrent perspectives.As aforementioned, the majority explored all

combinations to solve this task, including both trying the devices individually or concurrently.

Some patrticipants stated the rationale behind the strategy naturally occurred to them while using

the devices in ambination. To this end, PS4 stated they used a switching strategy as it helped

wi t h

used my headflevice] to detect a big obgt and hand{device] to detect the arm [of the person

attenti

on:

Ol was
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to handshake] (U) switching the focus to one
devices concurrently rat her t han switching,
confirmation from both of themo.

Eyedevice to find the person vs.hand-device to find extended hand.We found that for
participants who used a single device at the start of the task (PS1, PS2, PS3, PS4, PB6, PB7) chose
to useeyedevice firstand switch to thenanddevice latersuggesting a strategic use of devices
(as shown inFigure 6. We observed, as exemplified Figure 67 that participants naturally
used the devices for different purposes. ®yedevicevas employed for finding the person in
the room (in the words oP S 4 O[t he] big thingo). Conversely
focused/switched to théanddevicet o fi nd the personds extended
O[t he] detailed parto). Al but one participa
found theeyedeviceo provide a sort of overview, while thieand-devicedo provide a sort of pan
& zoonmDtheir feedback further corroborated this. For instance, PB6 statéd: was f ocused
[eyesdevice] giving me direction on where he is and | was focused on hdeg]ce] to find his
extended hand (U ) once the head started real
his hand (U) it hawad]wetaBi my han@dondMbieover,
stated: Ol -device]ltoddetectsn®re freelp, d dan use head to detect big thing and
used the hand t oPBdée tad csto daedtdaeidl -eedicepyduricsdrk®ig wi t h
withas mal | er space, but with the forehead is a
tried both devices (PS1) wused a different str

up and down with the headflevice] to see where hishandwasancdher e it ended. ¢
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(@ PS2 used the two perspectives sequentially

eyeﬁerépe&ive

B |

(® PB8 used the two perspectives concurrently

hands’ perspective

continue
/ both devices

—
hands’ perspective

eyes’ perspegﬁn)e

hands’ perspectivé

Figure67 Study phase 2 example@Photos with consent frorparticipants)

When combined, only thehand-device moved extensively While in our previous set of

tasks (phase 1, where devices were used in isolation) we observed almost as much movement of

the eyedeviceas of thehanddevice this was no longer the case when devices were combined

(here we relied on video observation since it is not trivial to decouple walking from moving head

and hand). During combined usage, only one participant performed significant scanning with the

head PS1), while all others only moved signifitly the handdevice

Envisioned applications from our study participants

Finally, we asked our study participants what they would envision using either the combined

or handdevice for. We present their feedback, and additionallysigure68 propose envisioned

applications drawing from their experiences.
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Figure68 Envi si oned applications. drawn fr on

Situational impairments.Sighted participants envisioned situations where they momentarily
could not use their eyes and would rely on the substitutional devices. To this end, PS1 envisioned
using the handalevice while cooking with both han@®ve depict this envisioned applicatidn
Figure68(a)dor while walking in the dark and trying to feel where the light switches are (if the
camera afforded night vision). PS2 envisioned the hatelsce while trying to find objects inside
of holes (e.g., pipes or ee eOic Dior g h ewiwtalt etrhye i.
PS4 envisioned the device for Owhen |I'm wal Ki
Blind or Low Vision participants envisioned new combinations (e.g., canepur Blind or
Low Vision participants also drew extensively from their lived experience as\visual. For
instance, PB5 envisioned a novel use for the combithedv i ¢ e : -]Qiehvei c[ee yweisl | (U
there's something coming, and | will know to movethe left or to the right to navigate around
It (0) andle tihee ][ hvaonudl d wor k wel | for finding
subway stairs. Because with low vision it's sdimees difficult to find the banister, so me
personally I have to hold ®we dapiot thw @dvigioned o wn t
application inFigure68(c). PB6 envisioned using the combirgt@@ vi ce t o Oknow s 0 me

and next to you in the airplane or train and I'm not saying it's taking the place of your cane but
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