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Abstract

Improving Wearable Devices for Virtual Reality using Soft Robotics
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Chair of the Supervisory Committee:
Eric Rombokas
Mechanical Engineering

With the ever growing popularity of wearable devices, virtual reality and augmented reality,
human-computer integration is not far from our reach. Wearable devices are meant to be
worn as an extension of the human body. Once worn, the wearer’s skin, tissue and sensory
organs are coupled with the device, allowing the device to sense and act upon the body.
These are similar in concept to how a soft robotic system may sense and react upon its
environment, informing us that wearable devices share much of the same design space and
challenges with soft robotics.

This dissertation therefore presents the building blocks for future wearable device designs
that are informed by soft robotics. We first introduce soft robotics in general and a fabrication
method that demonstrates how soft and rigid components can combine and benefit from one
another to create new materials and more complex designs. We also look into how a soft
robotic system achieves proprioception, or how a robot knows its current state, without the
need for external sensors. We then introduce wearable devices that work in concert with the
sensory organs underneath our skin and our vision to create haptic illusions of contact and
force. Yet, an underlying problem for both wearable devices that read biological signals and
provide haptic feedback is that they are useless if contact is lost with the body. Therefore,
lastly, we present a soft robotic system for wearable devices that can sense this loss of contact

and correct for it.
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Chapter 1

INTRODUCTION

Wearable devices often require flexibility and conformability while maintaining function-
ality —concepts that are built-in to soft robotic design, fabrication, and control. Once a
wearable device is worn on the body, the extent of the device reaches beyond the embod-
iment of the device itself. The wearer’s skin, hair, underlying tissue, nervous system, and
sensory organs are now part of the device’s system that can be sensed and acted upon, much
like a soft robot and its environment. These concepts inform us that wearable devices should
employ soft robotic technologies due to the similarities in challenges and the shared design

space.

Wearable devices for human-computer interaction (HCI), can be used for either input,
such as biomonitoring devices and sensorized insoles, output such as earbuds and glasses
with displays, or both, such as smartwatches and augmented reality devices [124]. With skin
covering most of the human body, these interfaces often partially or wholly mechanically
couple with skin. Much like how clothing and accessories must be tailored for each person,
wearable devices must have the same flexibility in order to achieve not only comfort but the
intended functionality. This flexibility presents engineering challenges where devices must
be soft and conformable yet provide electrical and mechanical stability for inputs, such as
sensors, and outputs, such as haptic actuators. For instance, in a smartwatch body that
notifies the wearer by vibrotactile stimulation, simply losing contact with the skin is enough
to significantly deafen the stimulation. In a wearable system for surface electromyography
(EMG), used for sensing the wearer’s muscle activity though the skin, the electrodes create
an electrical circuit with the skin and underlying tissue. Muscle activity is derived from the

signals that are generated by chemical processes in muscle fibers that propagate through the



tissue up to the skin’s outermost layer and the electrode [86]. Thus, any changes in the body
can affect the overall electrical path and the system as a whole.

The field of soft robotics, in general, aims to create robots that are “soft” in their me-
chanical structure, meaning that they are elastic, conformable, and designed to handle high
deformations. These properties typically give rise to robots that must embrace their inher-
ent nonlinear response to changes from internal and external factors. Much like in biological
systems, e.g. proprioception, overcoming this limitation requires a high degree of integra-
tion between sensors and actuators. In some cases, these two components are one and the
same [45, [110]. Moreover, both components are often highly integrated with the fabrication
process of soft robots [44]. Most importantly, all these factors build up to the challenges in
controlling soft robots, as traditional controllers designed for rigid robotics with clear sensing
and stiff actuators seldom work with their soft robotic counterparts, which leads to a vibrant
research area where novel methods for soft robotics are constantly being proposed [25].

Looking beyond human-computer interaction, we are at the advent of a paradigm shift
towards human-computer integration. Human-compatible technology [91] has been brought
up as a major challenge moving forward with conformability, biocompatibility and person-
alization being key points to solve for future wearable devices —issues that are concurrently
investigated in soft robotics research. The inherent soft, flexible sensors and actuators of
soft robots make them ideal for integrating into wearable designs. Many have focused on
providing assistance for joints in the hands, arms and legs in the form of soft exoskeletons
[135], also known as soft wearable robotics. Some target the application of haptics due to
their ability to closely match mechanical impedance and inherent comfort [155, 163 [78].
Some use soft robotic-like technologies for developing wearable sensors used for biopotential
monitoring [I], usually in the form of textiles, or used for gross movement measurements [85].
These systems, if well integrated with each other, provide a strong foundation for driving
the development of wearable devices in the near future.

This dissertation is organized into the following: Chapter 2 serves as an introduction to

soft robotics with a focus on fabrication and introduces a novel method, Negshell Casting,
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Figure 1.1: An overview of the chapters presented in this dissertation

for fabricating complex soft robotic structures. Chapter 3, Sensuator, is a brief discussion
about the use of neural networks for soft robotic sensing and state estimation using a soft
robot fabricated using Negshell Casting as an example. Chapter 4 is deep dive into haptics
for virtual reality, by introducing Chasm, a compact screw-based haptic actuator. Chasm
is used as a platform to explore handheld and wearable output devices for virtual reality.
Chasm also briefly explores how mechanically grounding devices to various parts of the body
changes the perception of the same haptic stimulus. Chapter 5 introduces Haplets, small,
wearable fingertip haptic displays for virtual reality that demonstrates the effect of perceived
haptic sensations that are off from the intended site. Haplets also serves as a foundation
for device design and rapid prototyping for virtual reality. Chapter 6 is the culmination of
efforts from all previous chapters by presenting a wearable electromyograpghy-based (EMG-

based) system for virtual reality that can actively sense and correct for loose contact with



the skin. We study how good and poor sensing can affect the performance of EMG-based
input modalities in virtual reality. Using the collected data from our study, we built a system
that utilizes soft robotic actuators, state estimation and control to actively maintain good
EMG electrode contact with the wearer’s skin for our wearable device. Lastly, Chapter 7
summarizes our efforts and and provides insights on how our work lays foundation for the

improvement of wearable devices in the near future.



Chapter 2

NEGSHELL CASTING: 3D-PRINTED STRUCTURED AND
SACRIFICIAL CORES FOR SOFT ROBOT FABRICATION

Pornthep Preechayasomboon, Eric Rombokag®
1 Mechanical Engineering, University of Washington
This chapter was originally published June 12, 2020 in PLoS ONE [108]

Abstract

Soft robot fabrication by casting liquid elastomer often requires multiple steps of casting
or skillful manual labor. We present a novel soft robotic fabrication technique: negshell
casting (negative-space eggshell casting), that reduces the steps required for fabrication by
introducing 3D-printed thin-walled cores for use in casting that are meant to be left in place
instead of being removed later in the fabrication process. Negshell casting consists of two
types of cores: sacrificial cores (negshell cores) and structural cores. Negshell cores are
designed to be broken into small pieces that have little effect on the mechanical structure
of the soft robot, and can be used for creating fluidic channels and bellows for actuation.
Structural cores, on the other hand, are not meant to be broken, and are for increasing
the stiffness of soft robotic structures, such as endoskeletons. We describe the design and
fabrication concepts for both types of cores and report the mechanical characterization of
the cores embedded in silicone rubber specimens. We also present an example use-case of
negshell casting for a single joint soft robotic finger, along with an experiment to demonstrate
how negshell casting concepts can aid in force transmission. Finally, we present real-world
usage of negshell casting in a 6 degree-of-freedom three-finger soft robotic gripper, and a

demonstration of the gripper in a robotic pick-and-place task.



A companion website with further details about fabrication (as well as an introduction to
molding and casting for those who are unfamiliar with the terms), engineering file downloads,

and experimental data is provided at https://negshell.github.io/.
2.1 Introduction

The fabrication of soft robotic structures is often a tedious process with multiple steps
[125, [61]. Soft robots benefit greatly from complex mechanical structures and geometric
features to achieve actuation and sensation. Unfortunately, the soft and compliant nature
of the materials used for soft robots, such as silicone or urethane-based elastomer, are only
compatible with few fabrication methods such as injection molding and casting. Casting
has tremendous benefits in terms of the precision in the external surface of the casted part,
which is why it is often used for prosthetics and props for the film production industry, and
for end-user products in the plastic molding industry. However, soft robots have structures
that span both the external and internal space and most rely on internal features to actuate
and sense. For example, the ubiquitous PneuNets [90] actuator relies on expanding internal
bladders, while some sensing modalities require fluids embedded within the soft robot [107].
Casting these internal features is not a straightforward process. The fabrication process
often requires multiple steps: first, a “core” that will create the internal features must be
casted around and removed, then, another section is additionally casted to complete the
body or another piece of the body is bonded onto the first part. Because these cores have
to be removed during the fabrication process, they either: 1. have geometry constraints,
such as minimal undercuts and overhangs, to prevent difficulty of removal, or 2. are made
to be dissolved later, also known as lost-wax casting [61]. Lost-wax casting enables more
complex geometry for the core, but the core itself must be cast from wax, which is prone to
shrinkage and breakage. Aside from wax, 3D-printable dissolvable materials can be used to
create arbitrarily-shaped molds and cores, such as polyvinyl alcohol (PVA) which dissolves in
hot water or acrylonitrile butadiene styrene (ABS) which dissolves in acetone [69]. However,

dissolving the material takes a large amount of time (more than 3 hours, according to [69])
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and requires the core to be accessible from the outside of the soft robot to drive liquid solvent

through.

3D printing soft robots is another heavily-researched fabrication process. 3D printing
enables internal and external features to be fabricated directly and with multiple materials
simultaneously. However, some solutions are prohibitively slow for mass manufacturing while
others have limitations in geometry due to the absence of support material [149] [154]. Resin-
jetting, multi-material printers such as the Objet Connex (Stratasys, Ltd.) series have both
support material and elastomeric-like resins, but suffer from poor mechanical properties
when compared to typical silicone rubbers [59]. Some stereolithography (SLA) [150] 132],
digital light projection (DLP) [156], 97, 136] or continuous liquid interface production (CLIP)
printers have high-resolution and fast print times, but can only print with one material at a
time, which leads to support structures that need to be printed from the same material and
then later removed. Enclosed chamber-like features, such as for bellows and deformation
sensors, printed with SLA-style printers also suffer from cupping artefacts which can lead to
ruptures [34].

High resolution 3D printing with SLA-like methods does have its benefits, however, in
the casting process, as the features in the outer shell molds can be as complex and intricate
as the designer desires due to SLA’s high-resolution. Furthermore, resin based printing can
create thin-walled parts and small cavities for use in microfluidic devices [148]. In this paper,
we combine the benefits of casting liquid silicone rubber and SLA-based resin printing by
3D printing thin-walled cores for the internal features of soft robots that are meant to be
left in place after casting. This greatly reduces the steps required for fabrication as casting
is only done once — since the core is never removed. These thin-walled cores can be used
as sacrificial elements such as for creating expanding bellow chambers and fluidic channels,
or used as passive structural elements such as fingernails or bony features in soft robotic
fingers. Another benefit is that since the the thin-walled cores are devoid of material, they
can occupy space in the form of air instead of heavy silicone rubber, which is useful for

creating features that require high stiffness and low weight. We characterize these sacrificial



thin-walled cores (negative-space eggshells, or negshells) and non sacrificial cores (structural
cores) casted in silicone rubber through mechanical testing. We also provide the fabrication
steps for 3D printing our cores and molds, and guidelines for designing soft robots that
employ our fabrication method along with an example to show the efficacy of the cores when
combined. We also present an example application in the form of a three-finger gripper,
as shown in Figure 2.1], performing simple pick-and-place tasks while mounted on a robotic

arml.

Figure 2.1: Negshell casting used for a three-finger soft robotic gripper. Pictured
are three stages of negshell casting from the rightmost to the leftmost finger: 1. 3D-printed
structural and negshell cores, 2. The cores placed in 3D-printed molds to be injected with

silicone rubber, and 3. A completed finger ready to be actuated.

2.2 Design and fabrication concepts

In this section, we describe the design of each component for negshell fabrication. We
contextualize and describe sacrificial and structural cores. Next, we describe how these cores

interact with the remainder of the mold and how they are affixed into place for casting.



We then present the design of an example application, a bellow-jointed finger incorporating
both kinds of cores, and demonstrating how this relatively common design theme can be

miniaturized and fabricated faster and more reliably.

2.2.1 Sacrificial cores

Soft robotic features such as expanding bellows or sensor cavities require a void to be left
after fabrication that is later filled with fluids. As described previously, these voids are
often created by solid geometry (cores) that represents the void that is later removed either
by means of dissolving (lost-wax casting) or removed during the casting process. In our
fabrication process, we replace these cores with 3D printed thin-walled volumes (negative-
space eggshells or negshells) that are meant to be left in place or broken into small pieces that
minimally mechanically effect the surrounding structure. The negshell cores are simply the
outer surface of the desired core with a thickness of 0.4 mm, which is the minimum supported
wall thickness for the Formlabs’ resin we use to print them. This minimum thickness is used
to maintain the shape of the volume during handling while being fragile enough to break
under minimal force. To help promote breakage, a cross-hatch pattern, shown in Figure
2.2 is cut throughout the surface, as shown in Figure 2.3, The patterned minuscule slots
also serve as channels for uncured resin to escape during the print process. Finally, 1.5 mm

diameter holes are created for support structures for suspending the cores in the mold, which

is further explained in the |[Outer molds and support columns|section.

We design our negshell cores as parts in SolidWorks, but the process can be adapted to
any modern CAD software. We start by modelling the solid representation of the desired
core. Then, the core is hollowed out first by copying the entire external surface followed
by thickening it to 0.4 mm inwards. Finally, the hollow shell is perforated using the cut-
extrude command with the previously described pattern. A brief overview of the design
steps in shown in Figure 2.3] The part is then exported as a stereolithography (.STL)
file for printing. We then use Formlabs’ Preform software to prepare the negshell part for

printing. The parts are first oriented for easy support removal and then Preform generates
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Figure 2.2: Cross-hatch pattern for perforating negshell cores. The cross-hatch are
75 pm wide by 2 mm long slots oriented in a 2.5 mm by 2.5 mm square pattern. The slots are
designed to be small enough to be partially fused during printing to keep geometric integrity

but also become fragile under load.

the necessary support structures for the parts. We chose a support density of 0.5 and a
support touch size of 0.4 mm. Our parts were printed using Formlabs’ Clear V4 resin with
a layer size of 100 pm. Additional details for fabrication, sample parts as well as .form files

for Preform are available at our companion website: https://negshell.github.io/.

Due to the SLA printing process, the parts will be covered with uncured resin after
printing. The residual resin must be removed prior to usage. Typically, parts are cleaned
by submerging them in 95% isopropanol (IPA) for a 5 to 15 minutes and scrubbed gently
with towels or brushes. However, we found that submerging negshell parts in IPA can cause
them to swell and crack prematurely due to the absorption of IPA. Instead, we use a paper
towel doused with IPA to wipe away the residual resin and the parts are immediately dried
with a dry paper towel. The parts can also be further cured using ultraviolet (UV) light in
a UV enclosure to attain higher strength and cure any remaining resin. Finally, the support

structures are removed using flush-cutters.


https://negshell.github.io/

11

Figure 2.3: Creating a negshell core in CAD. 1: The solid model representing the core.
2: The core is hollowed to a 0.4 mm shell. 3: Cutting the cross-hatch pattern into the
hollowed core. 4. The final negshell core ready for 3D printing.

2.2.2 Structural cores

Casting is often performed by injecting or pouring a homogeneous material and having it
set. Casting multiple materials is possible, but requires a multiple-step process, such as
overmolding: casting additional elastomer on top of an existing injection-molded rigid part
in a separate mold. Overmolding is often used for electric power tools and cable assemblies
to add compliance to an otherwise rigid part. For soft robots, having the entire structure
comprised of a single material limits the design space due to the high compliance that is
homogeneous throughout. By embedding semi-rigid, passive structures inside the soft robots’
body, the localized mechanical properties at those structures can be tuned. We achieve this
by utilizing cores similar to negshell cores but do not have the perforations. Such structures
provide a semi-rigid internal skeleton that provides a stiffer backing to exert force akin to
fingernails in humans, or provide lightweight void space for areas that connect one structure
to another that would otherwise be heavy and undesirably non-rigid if made entirely from

elastomer.
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We design and build these structural cores in the same manner as the negshell cores:
a hollow shell with minimum wall thickness. The thickness can be tuned to create vary-
ing stiffness in the resulting part. We present a characterization of these parameters in

ICharacterization| section.

2.2.8  Quter molds and support columns

The cores must be suspended in the outer mold at its intended location during the casting
process, as shown in Figure[2.4] It should be noted that this is a limitation of this fabrication
method as the structure necessary to suspend the cores prevents the internal features from
being completely sealed. However, the support structures can be made small in size and
the resulting holes can be sealed with a small amount of adhesive or filler, such as Sil-Poxy
(Smooth-On, Inc.).

The support structures (or standoffs) are round 2.5 mm columns that reach from the
inner surface of the outer mold up to the core. At the end of the column, there is a smaller
column with a beveled tip approximately 1.5 mm in diameter that will penetrate and secure
the corresponding hole on the core, as shown in Figure [2.4, Depending on the geometry
of the core, the support columns can be placed at multiple locations around the mold and
core. To aid in the ease of removal of the outer mold after casting, the columns should be
oriented in the same pulling direction when removing the mold, although this design rule
can be somewhat relaxed due to the compliance of the elastomer.

The outer mold can be as simple as two halves of a shell that defines the external features
of the desired part, or a complex multiple part mold to accommodate undercuts or overhangs
and features that would be otherwise impossible to be demolded with a two-part mold. As
our focus of this paper is on the internal features, we designed most of our parts to be cast
in simple two-part molds. The molds are often split at the central plane of the desired part
that creates the least undercuts. In this paper, our molds have the following set of features
to aid in fabrication: 1. The seam connecting the two halves of the mold have a lip to help

with alignment and prevent liquid elastomer from escaping. 2. There are 3.1 mm holes



13

intended for M3 screws and nuts along the perimeter of the mold to clamp the two halves
together. 3. Instead of pouring liquid elastomer in, we opt for injecting the liquid elastomer
using a syringe. We add two Luer lock ports (Figure at opposite ends of the mold: one
for injecting the liquid elastomer with a syringe, while the other port is used for drawing a
vacuum to assist in flow and for increasing pressure to eliminate air bubbles.

Our molds are 1.5 mm thick and are printed using the same Clear V4 resin as the negshell
cores. The molds are thoroughly washed with IPA to minimize any residual resin, as uncured

resin can inhibit curing of the Platinum-cure silicone that we use.

Lip ] Standoff

Luer lock N_—=—=—7 | D= . T
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Figure 2.4: General fabrication steps for negshell casting. 1: The mold is prepared.
The Luer lock, lip and standoff features are highlighted. 2: The cores are inserted into one
side of the mold. 3: The mold is clamped shut with fasteners and elastomer is injected via a
syringe. Another syringe can be used at the other end to pull a vacuum to help with liquid
elastomer flow. 4: Once the elastomer has set, the mold haves can be removed. 5: The

completed soft robot component.
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2.2.4 Design of a bellow-jointed finger

Here we present an example of a soft robotic finger that utilizes both the structural cores and
negshell cores. The finger has multiple bellows connected to an inlet tube that is the result
of a negshell core. The tip and base have stiffening and weight reducing elements created by
structural cores, as shown in Figure 2.5 The completed finger is a cylinder approximately
18 mm in diameter and 55 mm in length with a domed tip and weighs approximately 15
grams. The bellow negshell core and accompanying mold features create 1 mm wide internal
bellows with 1 mm thin walls. The structural cores are located approximately 2 to 3 mm

deep from the surface of the finger.

Structural Cores Plat-Sil Gel 25

Negshell Core (Bellows)

Figure 2.5: Cross-section of soft robotic finger. A 3D CAD model of the soft robotic
finger is cut longitudinally to show the locations of the non-sacrifical cores and the negshell

core that create the bellow

To fabricate the finger, the cores and molds were first 3D printed from Clear resin with
the same parameters as mentioned previously. Once the mold and cores have been cleaned
from resin residue, the mold’s inner surface was lightly brushed with Pol-Ease 2500 (Polytek
Development Corp.) release agent and the cores were placed in one half of the mold. The
second half was then clamped shut with M3 screws and nuts. 15 grams of liquid silicone Plat-
Sil Gel 25 (Polytek Development Corp.) was prepared by vigorously mixing equal amounts

of part A and part B which was followed by vacuum degassing to remove trapped gasses, as
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we found that air bubbles can lead to leakages near the bellows due to the low thickness.
The liquid silicone was then poured into a 30 mL syringe and the silicone was injected into
the mold via the Luer lock port at the tip. The Luer lock port at the other end serves as a
vent but can also be used with another empty syringe to draw a vacuum to aid in the flow of
liquid silicone. Both syringes were left in place during curing to prevent silicone from flowing
out of the mold. After waiting for the silicone to cure, which is approximately one hour for
Plat-Sil Gel 25, the syringes was removed and the mold was opened. Small holes created
by the standoffs were sealed with Sil-Poxy (Smooth-on, Inc.) silicone adhesive. The same
adhesive was used to bond a 4 mm silicone tube to the inlet. Finally the negshell cores were

crushed by hand, completing the finger.

During operation, as pressure is increased in the cavity created by the negshell cores,
the bellows expand and push against each other which causes the finger to bend. Since the
silicone and 3D printed cores do not form a bond, the fluid used to actuate the finger can
travel along the surface of the bellow fins and gaps left after crushing the negshell core walls.
The bellows also expand against the stiff structural cores, creating a clear path for force

transmission from the tip of the finger to the base of the fingers.

Ol

As-casted State

p—
Pressure
Increase

Inflated State

Figure 2.6: Main actuation principle of the soft robotic finger. As the actuation
fluid (air/water) increases in pressure or volume, the fluid travels along the cavity left by the
negshell core up to the fins of the bellows and start to expand the thin walls of the silicone

elastomer surrounding the fins which creates a bending force.
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2.3 Characterization

To evaluate the efficacy of the cores, the following section presents several mechanical char-
acterizations of both negshell and structural cores. We characterize: 1. the force required to
break the negshell cores, 2. the stiffness of elastomer with negshell cores post-break, 3. the
stiffness of elastomer with structural cores, and 4. a comparison of the blocked force output

of bellow-jointed fingers with and without structural cores.

2.3.1 Specimens and experimental setup

Specimens for both types of cores are hollow cylinders with a diameter of 16 mm and a height
of 11 mm. The cores were then casted into a cylinder 20 mm in diameter and 15 mm in
height with Plat-Sil Gel 25 Platinum-cure silicone, which resulted in an elastomer thickness
of 2 mm across the whole specimen. The casting process is similar to the processes detailed
previously. We fabricated three samples of each type of core, including comparable samples
that can be achieved with traditional casting methods, as shown in Figure [2.§] and Figure
[2.9] All samples were tested on a TA ElectroForce 3200 Mechanical Tester (TA Instruments)
fitted with a 50 mm platen and 120 N capacity load cell.

- 'o.%

00,0 14
%‘.@.‘L ;] @ §, ‘ o ( 50 mm Platen

«————— Specimen

% 3 &
% " e 120N Load Cell
Structural Core Negshgll Core
Specimens Specimens

Figure 2.7: Experimental setup. (Left) All of the specimens used for testing. (Right) The

specimen is placed at the center of the platen. As the actuator moves the platen down, the

specimen is compressed and the resulting force is read from the load cell beneath.
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Figure 2.8: Negshell core specimens. The four types of negshell core silicone specimens
tested. A zonal cross-section shows the internal features of the specimens. The hollow
specimen does not contain any core. The negshell core specimens contain the three different

cores with different perforation directions.

Solid
(No core) Structural Cores

Figure 2.9: Structural core specimens. The four types of strutural core silicone specimens
tested. The solid specimen has homogeneous material throughout its volume. The cores in

the other specimens have a thickness of 0.4 mm, 0.5 mm, and 0.6 mm.

Each specimen was also weighed. The average weight of each specimen type from Figure

shows that for negshell specimens, the negshell cores contribute approximately 27% of
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additional weight and the structural cores reduce weight by up to 67% for these specimens.

[}
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Figure 2.10: Specimen weights. Three samples of each type of specimen was weighed on

a 0.01 gram resolution scale and averaged. The errorbars represent the standard deviation.

2.3.2  Characterization 1: force required to break negshell cores

As the negshell cores are intended to break into small pieces, we characterize the amount of
force required to break the negshell cores. The characterization is done by placing the negshell
cores on its side and subjecting the cores to a compression load on the TA Electroforce 2300.
The specimens were preloaded to deform slightly, compressed 4 mm further at 0.25 mm/s,
and then released at 1 mm/s. We tested three different specimen types with the same wall
thickness of 0.4 mm: 1. cores with perforations cut from the circular base of the cylinder
(top), 2. cores with perforations cut from one side, and 3. cores with perforations cut at
the two sides at right angles, as shown in Figure [2.8, The results show that the cores start
to break from 20 - 35 N of force and had a wide range of variance between each sample, as
shown in Figure [2.11, This is, however, well within range of the force a human can exert

with a pinch grasp.
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Figure 2.11: Breaking force for negshell specimens. Each specimen required different
amounts of force to start rupturing, as denoted by the asterisks that precedes a sharp decline

in force reading.

2.3.83 Characterization 2: stiffness of elastomer with negshell cores post-break

Negshell cores, once broken, are intended to minimally affect the mechanical properties of
the surrounding elastomer and provide the same function as a removed core. To demonstrate
this, we cast three different types of negshell specimens (top perforation, side perforation and
perforation at right angles) and compare them to specimens with the equivalent resulting
geometry that were fabricated with a traditional casting process: casting with a solid core
in halves and then bonded together. Each specimen was first subjected to a preload of 1
mm of deformation followed by a 0.5 Hz triangle wave of compression with a peak-to-peak
displacement of 4 mm for five cycles. The average stress-strain curve of each type of negshell
specimen is shown in Figure [2.12] The stress in the specimen is calculated by dividing the
force read from the load cell by the area of the base of the specimen. From the stress-strain
curve, it can be implied that the Top and Right Angles specimens behave similarly to the
specimens without the cores. The Side specimens have slightly higher overall stiffness, as

shown in stress-strain curve and the resulting elastic modulus. The average elastic modulus
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(E) (derived from an approximate linear fit of the stress-strain curve) of the different core
types that is shown in Figure confirms that the the broken negshell cores contribute an

insignificant amount of stiffness to the casted samples.
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Figure 2.12: Negshell cores characterization results. (Left) The stress-strain curve of
the tested specimens show that the negshell cores minially effect the mechanical property of
the specimens under compression. The stress-strain curve of a solid, homogeneous specimen

is also plotted as refrence. (Right) The elastic modulus of the tested specimens.

2.83.4 Characterization 3: stiffness of elastomer with structural cores

To demonstrate that structural cores with thin walls can modulate the overall stiffness of soft
robotic elements, we casted specimens with structural cores with three different thicknesses:
0.4 mm, 0.5 mm and 0.6 mm and compare them to a equivalent homogeneous specimen
without a core. Each specimen was subjected to a 0.5 mm displacement preload followed by
a 1 mm peak-to-peak displacement triangle wave at 0.5 Hz for five cycles. We did not exceed
this displacement range due to the amount of force reaching the upper limits of the load cell

in some samples. The average stress-strain curve of each type of specimen and accompanying



21

elastic modulus is shown in Figure [2.13| It can be seen from the resulting elastic moduli

that the stiffness of the overall structure can be increased by over 500%, while reducing the

weight by 67% (Figure [2.10)).
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Figure 2.13: Structural core characterization results. (Left) The stress-strain curve of
the tested specimens show that the stiffness of the specimens can be greatly increased with

the structural cores. (Right) The elastic modulus of the different structural cores.

2.3.5 Characterization 4: a comparison of the blocked force output of bellow-jointed fingers

with and without structural cores

As previously hypothesized (Figure , the structural cores help provide a means of force
transmission from the tip of the finger to the base. We test this by comparing two fingers
fabricated with and without structural cores in a blocked force experiment. The finger
without the structural core was fabricated by simply not inserting the structural cores into
the mold. The fingers were secured with a cable tie to a rigid aluminum structure at the base
and a load cell is placed under the finger approximately at the location where the finger tip

touches at 15 degrees of flexion. The finger is manually pressurized using a 30 mL syringe
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connected through a silicone tube to the bellow structure.

The results from the blocked force experiment, in Figure [2.14] show that the finger with
the structural cores can exert a maximum force of 1.83 N with 64 kPa of air pressure while
the finger without the cores can only provide 1.52 N of force with the same pressure — a
20% increase in force output with the structural cores. Furthermore, the structural cores

reduce the overall weight of the finger by 1.8 grams or 14%.
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Figure 2.14: Blocking force output of the bellow-jointed fingers. (Left) The exper-
imental setup. The fingers in the top row are in the idle state the bottom rows are at full
flexion. (Right) A plot showing the relation between input pressure and the amount of force

exerted by the finger.

2.4 Application

In this section, we combine the design elements of negshell casting in an example applica-
tion where we fabricate a three-finger gripper with 2 bellow-joints per finger. The gripper
demonstrates the use of negshell cores for creating expanding bellows at each joint and their
fluid channels, and structural cores to aid in force transmission, local stiffness, and to secure

the finger to the base. We also mount the gripper on the tool plate of a Barrett WAM 7-
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degree-of-freedom robotic arm (Barrett Technology, LLC) to demonstrate a simple real-world

scenario of a pick-and-place task.

2.4.1 Design and fabrication

Each phalanx of the gripper can be independently actuated by applying fluid pressure on
each of the two bellow-joints: the proximal joint and the distal joint. The proximal joint
connects the structural core in the base to the middle structural core and the distal joint
connects the middle structural core to the finger tip, as shown in Figure 2.15] Each joint
consists of four fan shaped 0.6 mm thin chambers with a diameter of approximately 16 mm,
similar to the bellow-jointed finger in the previous section. A 3 mm tubular negshell core
connects the bellows to the exterior of the finger through two holes in the base — one for
each joint, which is later used for inserting and bonding a 3 mm silicone tubes to connect the
chambers to a pressure source. The middle structural core is a half-cylinder with a thickness
of 0.6 mm. The core at the fingertip is a hybrid between negshell and structural cores, where
the “pulp” of the fingertip core is to become soft and compliant to emulate soft human
fingertip tissue while the immediate structural core connected to the negshell core emulates
the hard backing provided by the bony structure and fingernails in humans, as shown in
the inset in Figure [2.15] We intend for the fingertip to become a sensor, but it is beyond
the scope of this paper. The mold is similar to the mold presented in the previous sections
with one difference where the base is also used as part of the mold. Geometry similar to a
structural core is integrated into the base which is used to retain the finger on the base, as
shown in Figure 2.15]

We fabricated the gripper by first 3D printing the cores, outer molds and base using
Clear resin on a Formlabs Form 3 printer. The parts were then cleaned and processed in
the same manner as in the previous sections. The molds were then prepared by applying a
light coat Pol-Ease 2500 to aid in demolding. One half of the mold was then assembled onto
the base followed by the insertion of the various cores. The other half of the mold was then

carefully closed and several M3 screws and nuts clamped the two halves shut. Approximately



24

30 grams of Plat-Sil Gel 25 was mixed, vacuum degassed and loaded into a syringe, then
the liquid elastomer was injected into the port at the fingertip. Another syringe was used at
the base to draw a vacuum or increase pressure to help with residual air bubbles. Once the
elastomer set, the two halves were released and Sil-Poxy was used to seal the holes created by
the standoffs, and to bond silicone tubes to the fluid channels for the bellows and fingertip.
Each finger can be done one at a time, or all three at once if three sets of molds were printed.
Finally, each negshell core is broken by hand and the gripper is ready to be mounted to the
WAM Arm tool plate using M6 hexagon cap screws.

2.4.2 Actuation

There are a total of six bellow-joints in the gripper, which can be individually actuated by
modulating the pressure within the bellows of each joint. Pressure modulation can be done
in multiple ways such as using multiple pulse-width modulated (PWM) valves and a pressure
source [I61] or multiple leadscrew driven syringes [59]. However, as robust actuation and
dexterous manipulation is beyond the scope of this paper, we simply combined all the fluid
channels together into a single channel so all joints are pressurized with a single pressure
source, which in this case is a hand-actuated syringe. However, individual actuation of each

bellow using a hand-driven syringe is shown in Figure |2.16]

2.4.8 Pick and place demonstration

As a demonstration of real-world usage of the negshell casted three-finger gripper, we per-
formed a brief demonstration by using the gripper mounted on a Barrett WAM Arm to
perform pick and place tasks of everyday items. We pre-recorded the arm movement using a
“Teach and Play” program that is then played back each time the arm performs a pick and
place task. The arm starts from its home position, moves to position the gripper directly
above the object to grasp, and moves the gripper down to encompass the object with the
fingers. The fingers are then closed using the syringe and the arm moves the object with the

gripper towards a bin. Finally, the fingers are opened and the object is dropped into the bin.
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Figure 2.15: Overview of three-finger gripper’s fabrication. The 3D-printed base,
which serves as a part of the mold for the fingers, provides a rigid connection from the
fingers to the tool plate of the WAM Arm. Two seperate negshell cores are used for each
joint of the fingers. A structural core aids in rigidity and force transmission between the
joints. The fingertip contains a hybrid structural-negshell core with renders a soft finger
pad and solid backing, as shown in the inset. The base also contains a retention feature
geometrically similar to the structural cores, where silicone will be mechanically trapped

and locked in place due to the overhang.

We tested grasping a total of 28 objects varying in shape, size and density, with most
shown in Figure e.g. a water bottle, a lightbulb, and a 5 mm hex key. Some objects
were handed to the robot, such as the water bottle and pen, while others were placed on
a pedestal to be picked up, such as the wooden block and cloth. It can be observed from
the footage that the gripper successfully conforms to objects with arbitrary geometries and
poses despite the bellows being actuated all at once, demonstrating proper compliance as

expected from a soft robotic gripper.
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All Joins”

Figure 2.16: Pressurization of each joint of the gripper. (Top-leftmost) The gripper in
its un-pressurized, idle state. (Bottom-leftmost) All joints being pressurized at once. (Right
four photographs) A series of photographs showing each joint of two of the gripper’s fingers

pressurized.

2.5 Discussion

Negshell casting opens up new possibilities for casted soft robotic designs by integrating
3D-printed parts both into the structure and the casting process — cutting down the casting
process while increasing the design space significantly. The internal geometry of soft robotic
structures can be much more complex than what could previously be done through casting.
However, negshell casting does have limitations. Since the cores must be suspended during
casting, some support structure must exist, which requires sealing the holes created by the
structures. Though straightforward, sealing the holes is an additional step that is done
manually and prone to human error. In the future, we hope to address this step to further

streamline the fabrication process for the sake of scalability and manufacturability.

Sensing, although mentioned in the previous sections, has not been demonstrated in this

paper. However, the mechanical characterization of the negshell specimens show that, under
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Figure 2.17: Pick and place demonstration. The three-finger gripper is shown attached
to a Barrett WAM Arm. The arm goes through a pre-recorded motion while the gripper
is manually actuated with a syringe (not shown). 1. The arm positions the gripper to
encompass the object to be picked up, 2. All bellows in the gripper are pressurized at once
using a syringe, grasping the object, 3. The arm moves the object up over the bin, 4. The
object is dropped into the bin upon the release of pressure. Inset: the objects that were

successfully picked and placed.

compression, the broken negshell cores have little to no effect on the structure, thus negshell
casting could possibly be used for creating sensor channels or structures. An example of
this is shown in the fingertip of our three-finger gripper, where the fingerpad is deformable
chamber that can be connected to a pressure sensor for simple tactile sensing. Sensing will
“close the loop” for our soft robotic grippers and thus we will explore sensing and closed-loop
control in the near future.

3D-printing soft robots, especially with complex internal structures, is still an active
research topic. Work such as [143], still requires molds and manual labor within each layer
of printing. The most notable hurdle is arguably the material science required to develop the

ideal printing material. Our technique leverages already mature materials for 3D-printing
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and adapted it to a tried and true method for fabrication. For future work, combining the
two technologies may aid in each-other’s shortcomings. For instance, 3D-printing can be
done on top of negshells and structural cores that are used for scaffolding which eliminates
the need for sealing holes that are created during casting, while providing instant negative
space that must be otherwise printed with fugitive materials.

One concern that may be raised is that the fragments that are created during fabrication
may cause blockages or damage to the structure. To mitigate blockages, the design of the
cross-hatch pattern may be tweaked in a manner where the distance of the perforations are
smaller than the smallest channel that is exposed to the negshell core. In practice, however,
we hypothesize that due to the inherent compliance of the structure, fluids would simply flow
around the blockage. Furthermore, the fragments themselves are flexible and are compliant
themselves due to the 0.4 mm thickness. As for damage, as crushing and breaking the
negshell cores is part of the manufacturing process, the soft robotic structure has already
been subjected to forces much higher than typical usage conditions. Our combination of
materials shown in this paper has proved to be able to withstand the process. As for other
materials, the parameters of the negshell core might require tweaking, i.e. using a thinner

wall thickness or larger perforations for silicone with less hardness.

2.6 Conclusion

We have presented a novel fabrication technique, negshell casting, that leverages SLA 3D-
printing to create complex cores for use during an otherwise traditional casting processing.
We present two types of cores: negshell cores and structural cores. Negshell cores are sac-
rificial cores that are used to create soft or flexible internal structures such as channels and
bellows while structural cores are used for modulating stiffness and for weight reduction. We
showed that the negshell cores have little effect on the mechanical structure of silicone elas-
tomer and structural cores can increase the stiffness of silicone structures significantly. Our
demonstration of the bellow-jointed finger and the three-finger gripper shows that negshell

casting can be used for creating soft robotic actuators. In the near future, we will explore
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how negshell casting can enable more sophisticated and integrated sensing capabilities in

soft robotic designs.
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Chapter 3
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1 Mechanical Engineering, University of Washington
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Abstract

Soft robotic actuators are now being used in practical applications; however, they are often
limited to open-loop control that relies on the inherent compliance of the actuator. Achieving
human-like manipulation and grasping with soft robotic actuators requires at least some form
of sensing, which often comes at the cost of complex fabrication and purposefully built sensor
structures. In this paper, we utilize the actuating fluid itself as a sensing medium to achieve
high-fidelity proprioception in a soft actuator. As our sensors are somewhat unstructured,
their readings are difficult to interpret using linear models. We therefore present a proof of
concept of a method for deriving the pose of the soft actuator using recurrent neural networks.
We present the experimental setup and our learned state estimator to show that our method

is viable for achieving proprioception and is also robust to common sensor failures.
3.1 Introduction

Progress in soft robotics research is accelerating, and soft robots are impacting a variety

of practical applications, from grasping to search-and-rescue. The steady advances in this
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area have generally focused on integrating physical intelligence for robust and useful open-
loop behavior [80, O0]. By taking advantage of characteristics such as compliance, passive
stability and flexibility, the advantages of these robots have mostly been realized using only
limited sensing. We expect continued progress in this domain, but soft sensors are a key
capability for realizing the full potential of soft robots. Soft sensors are challenging to design
and fabricate, and it can be difficult to interpret their outputs. Despite these challenges,
significant progress has been made using a variety of sensor modalities including piezoelectric
tactile sensing [123 [76], resistive [95] [85], capacitive [35] and inductive [I51] stretch sensors,
magnetic effects [44] and optical waveguides [140], 159 [133]. Integrating soft sensors relies
on more than taking advantage of various modalities; the sensors must be physically coupled

to the robot in useful ways, and the data must be useful for planning or control.

Ideally, we could design and fabricate highly sensorized soft robots to rival the sensor
density and acuity found in the animal world. However, dedicated sensor structures add fab-
rication complexity and require physical space. Biologically inspired sensor strategies would
ideally include dense, diverse sensors in currently unrealizable quantities. For instance, the
fingertip contains an estimated two to four sensory organs for sensing touch per square mil-
limeter [62]. Multimaterial 3D printing has enabled the fabrication of embedded sensors
using conductive ink for touch, pressure, motion and temperature sensing [143], 142], which
is somewhat similar to the multi-modal nature of biological systems. Recent work, drawing
inspiration from the human perceptual system, has demonstrated that a redundant, unstruc-
tured sensor topology may be modeled using modern neural networks. This approach enabled
force and displacement models for a soft robot that were robust to sensor non-linearities and
drift [I38]. To date, the aforementioned approaches have relied on purposefully built sensor
structures within the soft robot and may require the use of machine learning to fully utilize
the sensor responses. In a similar vein, with the non-linear behavior surrounding the mate-
rials and unstructured nature of soft robotics, various facets of soft robotics research have
turned to the use of data-driven or deep learning based methods for tasks such as design and

fabrication [15], sensing [65, [121], state estimation [141), 126] and control [49] 137, [160].
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In this proof-of-concept paper, we present a hybrid sensor—actuator design that, instead
of relying on purposefully built sensor structures, takes advantage of the actuated fluidic
medium of the robot to perform a double duty as a sensing medium in a bellows-style soft
robotic actuator. Prior work by Helps and Rossiter [45] has demonstrated the use of salt
water as both an actuated and sensing medium to derive the bending angle of a bellows-style
actuator and closed-loop control. That system used a single sensor to estimate the whole-
robot bending angle. In contrast, our approach relies on a distributed network of sensors that
are created by the volume and geometry of salt water in each bellow. We also use flexible
conductive silicone electrode segments that more closely match the material properties of
the robot. Due to the unstructured nature of our sensors, we rely on a data-driven model,
a recurrent neural network, for proprioceptive state estimation. The multi-channel sensor-
actuator provides a six-dimensional space that captures both the tip location and high-fidelity
pose. We present the design, experimental setup and state estimation examples of the sensor—
actuator hybrid as well as a brief investigation into common sensor failure modes and an

exploratory machine learning architecture investigation for our data.

3.2 DMaterials and Methods

In this section, we provide details on how we fabricated our hybrid sensor—actuator, as well
as an experimental setup for validating our approach. Our soft robotic actuator, as shown in
Figure , was a bellows-style actuator similar to the PneuNet actuator [90], where, upon
an increase of pressure inside the bellows, the actuator would bend. Each bellow had a
conductive silicone tab on each side that could conduct electricity from the internal fluid to
the outside; thus, each bellow formed a resistor when a conductive fluid was used. There
were seven bellows in total, and the actuator was approximately 25 mm by 26 mm by 90
mm in size. To track the actuator’s position in space, we attached seven infrared (850 nm

wavelength) LEDs underneath each bellow.
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Figure 3.1: (a): Our soft robotic sensor-actuator in its idle pose. Shown in the inset are
the seven infrared LEDs on a copper strip attached to the actuator, which also acts as a
strain-limiting layer. (b): The experimental setup with the hydraulic actuation system is

shown, along with the Leap Motion infrared camera and breakout board for data acquisition.

3.2.1 Actuator Fabrication

Our bellows sensor-actuator hybrid was fabricated primarily using the Negshell casting
method [I08]. Negshell casting is a sacrificial casting method that utilizes the inherent
fragility of stereolithography-printed (SLA) resins to create breakable cores that become
hollow structures inside soft robots after casting. We first 3D printed the internal sacrificial
cores and external molds for our actuator using clear resin on a Formlabs Form 2 SLA printer.
The molds had 8 by 4 mm openings along the side of each bellow chamber that could be
removed after casting—these openings were later used to house conductive silicone. Then,
we prepared 60 g of PlatSil Gel-25 silicone elastomer (Polytek Development Corp., Easton,
PA, USA) by mixing equal parts of Part A and Part B, followed by vacuum degassing. The
mixture was injected into the mold with a syringe and left to cure for 12 h. After the silicone
elastomer had set, conductive silicone, as explained in [107], was casted into the openings

on the side of each bellow. After the conductive silicone had set, the sacrificial Negshell
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cores were crushed by hand to create flexible inner chambers. Then, 3 mm diameter flexible
silicone tubes were attached using Sil-Poxy (Smooth-On, Inc., Macungie, PA, USA)) and
any leaks were patched using the same adhesive. Lastly, 28 AWG silicone-sheathed electrical
wires were pierced into the conductive silicone tabs to create an electrical connection. The
actuator was filled with a 5 wt% sodium chloride (table salt) solution mixed with green food

coloring.

3.2.2  FExperimental Setup

We built an apparatus to actuate the sensor-actuator using aluminum extrusions as a frame,
as shown in Fig. [3.1] The sensor-actuator’s base was secured onto a 3D-printed pedestal
attached to the vertical extrusion. A syringe pump constructed from a linear actuator
servo (PQ12-R, Actuonix Motion Devices Inc.), a 30 mL syringe, and 3D-printed parts
was attached and connected to the actuator with silicone tubing. A hand-actuated 30 mL
syringe was also hydraulically connected in parallel to the servo-actuated syringe. To track
the positions of the infrared LEDs, we attached a Leap Motion Controller (Ultraleap), used as
an infrared camera with a global shutter, opposite from the actuator. A silicone tube from the

actuator was also connected to a pressure transducer (ABPMANT100PG2A3, Honeywell).

To measure the conductance of each bellow, we used the method outlined in [I07], where
a sinusoidal waveform of 2 volt peak-to-peak centered at 0 volts and a frequency of 100 Hz
was applied across each bellow and the voltage drop across the resistors was measured, as
shown in Figure[3.2l We used resistors with a resistance of 56 k{2 as the fixed resistor for each
bellow. As the shape of the bellows changed, the resistance across the bellows would also
change, which can be loosely modeled using the law of resistance (R = p%). An NI USB-6251
(National Instruments) data acquisition system was used to generate the waveform as well

as to measure the voltage across each bellow.



35

Sensor-Actuator

cse

CSs5 AN Hydraulic Line
CS4-_ * (5% NaCl)
Cs3 « *
Ccs2 < A *
— .
“ .
N v \— C81—, L 3 Infrared LEDs
»
Fixed Resistor ~ é
LEAP Motion
_:_ Infrared Camera
ConTact Sensor Tracking the 7 LEDs
Bellow (480p 60 FPS ‘
Global Shutter)

Pressure
Transducer

Manually Actuated Syringe
Servo-driven Syringe

2V pk-to-pk
100 Hz
sine wave

Figure 3.2: Soft hydraulic robotic finger system diagram using hybrid sensor-actuators. Each
of the sensing elements (CS1-CS6) spans a bellow of the hydraulic bellows-style actuator. A
series of infrared LEDs provides an external ”ground truth” of robot pose for training and

performance quantification.

3.2.8 Data Collection

The entire aforementioned system was controlled using a PC running LabVIEW (National
Instruments) and a Python script. Our Python script processed the image from the left
camera of the Leap Motion Controller using the OpenCV library to segment and track the
positions of the seven infrared LEDs at 50 Hz. Our LabVIEW application collected the
voltage measurements across each bellow along with pressure. The syringe driver’s linear
servo was controlled using pulse-width modulation (PWM) as the commanded stroke length,
which was randomly generated every 1 s. The collected pressure and voltages were sent to

the Python script via the local network to be logged to a comma-separated values (CSV)
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file, which was timestamped by each camera frame.

We collected two sessions of “babbling”, where the actuator was randomly set to different
pressures using both the linear servo and a hand-actuated syringe. Throughout each session,
we used a hand to block or disturb the actuator at random. The first session lasted approxi-
mately 12.5 min or 37,336 samples and served as the training dataset for our neural network.
The second session lasted 10 min or 30,000 samples and served as the test dataset for our
neural network. A sample video during data collection is provided in the Supplementary

Materials.

3.2.4  Machine Learning Models

With the popularity of deep learning and research surrounding the topic, deep learning has
transitioned from being a research topic to becoming a tool to enable novel methods in other
research areas. In our case, our sensor—actuator’s sensor data had several unwanted proper-
ties that would lead classical control schemes or models to fail, the most prominent being the
non-linearity and coupled interaction between the resistance-based sensors connected elec-
trically in parallel. Thus, using a linear model to derive the actuator’s pose from the sensor
data was not an option. We therefore turned to deep learning approaches. We chose a recur-
rent neural network, the bidirectional variant of Long Short-Term Memory (BiLSTM), for
our approach. As previously mentioned, research aiming to provide proprioception for soft
robots has used recurrent neural networks [138, T41]. LSTM-based models are well suited
for time-series predictions and excel in situations where the data are noisy, have time-lagged
dependencies and hysteresis [47]. The bidirectional variant of LSTM is fed both data from
the past and future during training; thus, BiLSTM is thought to be able to predict future
states with higher accuracy due to the better context. We used MATLAB’s Deep Learning
Toolbox for training and testing our deep learning model, and the relevant hyperparameters
are presented in Table [3.1]

MATLAB’s Deep Learning Toolbox consists of a set of functions for creating, train-

ing, evaluating and using deep learning models. To construct the neural network for our
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BiLSTM network, we created our input layer using sequencelInputLayer (), followed by a
bilstmLayer () layer for our BiLSTM layer, and finally a fullyConnectedLayer () layer for
our fully connected layer. Other architectures could be constructed in the same fashion. A
graphical tool, the Deep Network Designer, can also be used to export networks as .mat
files to be loaded as a single struct type variable. After loading our data into memory
and a performing pre-processing, we used the function trainNetwork() to train our model.
Finally, to use the trained model for prediction, we used the predictAndUpdateState()
function. A MATLAB LiveScript providing step-by-step instructions to train and evaluate
our model is available in a repository linked in the Supplementary Materials section. Our

raw data is also provided in the same repository.

Table 3.1: BiLSTM Model Properties and Hyperparameters

Parameter Value Notes

Inputs 7 1 x Pressure, 6 x ConTact (normalized)
Outputs 14 X, Y location of 7 infrared LEDs (normalized)
Number of Hidden Units 100 -

Mini-batch Size 512 -

Initial Learning Rate 0.01 -

Learning Rate Drop Period 5 Drop by factor every 5 iterations

Learning Rate Drop Factor 0.5 Next iteration learning rate = 0.5 X previous
Optimizer ADAM -

Gradient Clipping 10 -

Iterations 50 -

Final Training RMSE 4.44 in millimeters across all LEDs

Final Test RMSE 5.85 in millimeters across all LEDs
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3.3 Results

In this section, we show how our hybrid sensor—actuator can provide rich and informative
signals that can be interpreted by learned models. The models were capable of creating
reasonable estimates of the positions of the LEDs given time series of sensor data. After
training our BiLSTM model, we used it to create time series predictions using our test data
as the input. The test data were z-score normalized using the mean and variance for each
input from the training data. We describe the preferred estimator’s performance in achieving
state estimation, examine how sensor degradation affected that performance and compare

how different machine learning model choices behaved under sensor degradation.

3.3.1 State Estimation

Over our entire test dataset, which spanned 30,000 samples or 10 min, we achieved a root
mean square error (RMSE) of 5.85 mm considering the positions of all seven infrared LEDs.
Figure [3.3| shows the entire test dataset along with several snapshots of the actuator’s pose.
For simplicity, only the position of the fingertip is plotted, ranging approximately 60 mm
in the horizontal (X) direction and 40 mm in the vertical (Y) direction. We observe that
the model captured the overall pose of the actuator given sensor inputs throughout the time
shown. By inspecting the pose snapshots (Figure below), we see that at moments where
the actuator’s tip diverged from the ground truth, the overall pose was still mostly correct.
The model also responded well to rapid changes, shown around the 100 to 200 s mark. This
result shows that the BiLSTM model generally captured the actuator’s nonlinear response
and time-dependent characteristics well. Videos of the resulting poses are available in the

Supplementary Materials section.

3.3.2  Sensor Degradation

In practice, sensors can degrade over time or fail completely. In biological systems, it is

possible to compensate for or adapt to a loss of sensory feedback. Since our sensors may
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Figure 3.3: The entire 10 min of the test dataset is shown along with predictions from the

BiLSTM model and snapshots of the resulting poses. The top row depicts the raw sensor
data, showing both the single pressure sensor and the suite of resistances. The second and
third rows show only the fingertip horizontal (X) and vertical (Y) positions. The fourth
row is a plot of the root mean squared error across all the LED positions. The insets below
depict the overall pose of the robot during seven moments in which the pose estimator was

performing maximally or minimally well.

or may not have redundancy, we aimed to investigate the robustness of our BiLSTM model
towards the loss of input data. Here, we attempted to artificially degrade the sensors by
degrading the inputs from the test dataset and evaluated the resulting predictions from the

previously trained model. In Figure we present 4 min excerpts of the resulting outputs
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of the trained model generated from input data that were gradually degraded by artificially
saturating the inputs in turn. We saturated the sensors by setting the entire duration of the
sensor’s input to zero before z-score normalization. In the first case, we completely saturated
the first two resistance-based sensors near the tip. The plot shows that, in general, the model
still performed well. In the case with four sensors saturated, the model still predicted the
movement well, but with an expected overall decrease in accuracy. However, with six sensors
saturated, or with only the pressure readings intact, the model performed extremely poorly.
It is notable that some dynamics were still captured using pressure alone, suggesting that
the model leverages pressure readings to some extent. Conversely, with only the pressure
readings removed and leaving all other sensors intact, the model performed considerably
well. Arguably, this result shows that the input data may not be redundant after all, but

this is difficult to determine due to the black-box nature of neural networks.

3.3.8 Network Architecture Choices

We also investigated other deep learning architectures that have been commonly suggested
in the literature for time-series data and non-linear sensors, namely multi-layer perceptron
(MLP), gated recurrent units (GRU) and long short-term memory (LSTM). To test the
robustness of these models towards sensor degradation and compare them to BiLSTM, we
first trained each respective model with clean input data from the training dataset; then,
the resulting estimations from both clean and degraded input data from the test dataset
were compared. We degraded the test data in several ways simultaneously: 1) the pressure
data were saturated, 2) Gaussian noise was applied to one resistance-based sensor, and 3)
the third resistance-based sensor from the tip was constantly saturated. The results shown
in Figure show that MLP fared worst out of all models tested, where Gaussian noise
overwhelmed all outputs. GRU and LSTM-based models were more robust to noise but lost
a considerable amount of accuracy, further solidifying our choice of using BiLSTM as our

neural-network architecture.
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3.4 Discussion

We have presented a proof-of-concept towards regarding the fabrication of a soft robotic
actuator that does not require purposefully-built sensor structures. We show that our sensor—
actuator hybrid can provide relatively accurate estimates of its pose despite input signals
that originate from unstructured, noisy and time-lagged sensors. For many applications, it
is reasonable to simply construct distinct, dedicated sensor structures alongside the actuator
structures. A variety of research has demonstrated state estimation and closed-loop control
using that approach (e.g., [142]). However, as the scale of the desired robot becomes smaller
and as the number of desired sensors and actuators increases, simplicity and compactness
become increasingly important. Combined sensor-actuators could serve as a strategy for

dense and small sensors, with distinct engineering tradeoffs.

Sensors, especially in robotics, are commonly designed to have well-defined properties that
are linear, repeatable and accurate. Most real-world sensors do not exhibit such behaviors
under wide conditions, and those sensors that can be made to exhibit those characteristics
require careful engineering and are often expensive. In biological systems, sensors are mag-
nitudes worse than man-made sensors in most aspects, such as hysteresis and dependence

on temperature, yet humans can perform intricate tasks in the noisiest of environments.

A key question for soft robotic sensing, then, is the degree to which the sensor interpre-
tations should be based on an a priori model vs. empirical data and function approxima-
tion [10]. In this paper, we embrace the shortcomings of our sensors and pursue an empirical,
data-driven approach. Our method is only one of a class of methods for using machine learn-
ing to make the most of complex soft robotic sensors [10, [92]. We use neural networks, which
can be extremely powerful for time series regression and forward prediction tasks. However,
as with all empirical techniques, they come at the cost of requiring a large number of ex-
amples along with relatively clean ground truth data. Their performance is not guaranteed
to extrapolate data when starved of examples in particular scenarios—an example is shown

in the last snapshot in Figure 3.3 where the particular pose was not present in the training
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data. However, through the sensor degradation tests, we show robustness to other common
types of faults.

In terms of practicality, our presented prototype still has several limitations. Firstly,
using salt water as the actuation fluid increases the weight of the actuator greatly, especially
when compared to its pneumatic equivalent. We hope to mitigate this in future prototypes by
using the actuation fluid more effectively and putting emphasis on the design of the bellows
themselves, such as the miniaturized bellows shown in [I08]. The salt water solution used
in our experiments is cheap and easy to prepare but is susceptible to evaporation due to the
permeability of silicone rubber. This can be mitigated by using other solvents, as presented
in other research [21I]. Nevertheless, we believe that our methods are easily transferable to
other solvents and actuator designs that use ionic liquids as the actuation medium.

Another limitation of the apparatus and experiment we show here is that it does not
examine the effects of long-term cycling and time on the sensor performance. However,
changes in sensor properties due to use do not appear to have a degrading effect during
this experiment. Changes in the strain-resistance properties appear to be negligible or are
perhaps accounted for by the machine learning model. This is demonstrated by the similar
performance of the estimator at the beginning of the experiment and towards the end, as
shown in Figure 3.3l Over time, the model predictions still hold with a minimal change in
the overall pose output.

Hybrid sensor—actuators, combined with machine learning for signal interpretation, offer
a path toward sensorized soft robots while adding minimal additional fabrication complexity.
With this in mind, our immediate next step for future work will be to apply our technique
for the closed-loop control of a soft sensor-actuator. Some challenges still need to be met,
such as the time-lagged response to hydraulic actuation and the reduction in weight of the
sensor—actuator. We believe that, at the least, our work serves as a proof-of-concept of our
approach and will inform the selection of neural-network models for future studies related

to soft robotic sensing and actuation.
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Figure 3.4: Plots of the tip position in X and Y in mm and snapshots of the pose of the

sensor—actuator when estimated under various states of sensor degradation: (a) the voltage

readings from the resistance-based sensors when the first two bellows from the tip of the

sensor-actuator are saturated, (b) the first four sensors from the tip are saturated, (c) all

six resistance-based sensors are saturated, leaving only the pressure reading intact, and (d)

only the pressure sensor is saturated.
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Figure 3.5: Results from comparing across models with the following conditions: 1) pressure
data were constantly saturated, 2) Gaussian noise was multiplied to the data from sensor 2,

and 3) sensor 3 was constantly saturated.



45

Chapter 4
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Abstract

We present a compact broadband linear actuator, Chasm, that renders expressive haptic
feedback on wearable and handheld devices. Unlike typical motor-based haptic devices with
integrated gearheads, Chasm utilizes a miniature leadscrew coupled to a motor shaft, thereby
directly translating the high-speed rotation of the motor to the linear motion of a nut carriage
without an additional transmission. Due to this simplicity, Chasm can render low-frequency
skin-stretch and high-frequency vibrations, simultaneously and independently. We present
the design of the actuator assembly and validate its electromechanical and perceptual per-
formance. We then explore use cases and show design solutions for embedding Chasm in
device prototypes. Finally, we report investigations with Chasm in two VR embodiments,
i.e., in a headgear band to induce locomotion cues and in a handheld pointer to enhance
dynamic manual interactions. Our explorations show wide use for Chasm in enhancing user

interactions and experience in virtual and augmented settings.
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Figure 4.1: (left) A render of Chasm with a reference scale, the red arrow and wave represents
how Chasm can simultaneously render both shear/normal forces and vibrations, (middle) A
headgear prototype with two Chasm units on adjacent sides of the temple area on the head for
enhancing locomotion in virtual reality (VR). A representative VR headset is shown. (right)
A marker prototype with an embedded Chasm unit for enhancing interaction in augmented
reality (AR) and virtual reality (VR), the hand is tracked with an attached Oculus Touch

controller. The outlines show where Chasm is embedded in the prototypes.

4.1 Introduction

Human touch is critical for users’ engagement with the surrounding environment and enables
physical interactions with objects around them. Users reach out to pick objects, move
them around and perform tasks while tuning their motor commands in response to dynamic
interactions between the users’ touch system and the objects’ behavior. Despite this rich
information flow between physical objects and the human touch system, current solutions to
enable artificial touch feedback (or haptic feedback) are limited. Most commonly, vibrotactile
actuators are incorporated in handheld devices and controllers to provide feedback of tactile
contacts, impacts, button clicks, and surface texture [19] [53] [104]. The popularity of these

actuators is due to their compact and lightweight design and low power requirements.

On the other end of the spectrum, low-frequency haptic devices that indent or stretch

the skin can render percepts of dynamic behaviors of virtual objects comparable to the
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inertia and stiffness of objects [37] [87] [112].The embedded actuators in these prototypes
, however, have low bandwidth, are larger in size, have complex transmissions with non-
linear system dynamics, and have relatively high-power requirements. Researchers have
also accommodated both low-frequency dynamic effects and high-frequency vibrations in a
single device by utilizing separate low- and high-frequency actuators to broaden the capacity
and fidelity of haptic feedback [9] [17] [27] [67] [100].However, s imilar to the low-frequency
actuators, these multi-dimensional actuators are bulky, and not practical for handheld and
wearable applications.

In this paper, we introduce Chasm: a Compact Haptic Actuator with a Screw Mechanism.
Chasm utilizes a common mechanical element, the leadscrew, which is found in many con-
sumer grade devices. By coupling a leadscrew directly to a miniature high-speed DC motor,
Chasm can render constant skin-shear as well as high-frequency vibrations both indepen-
dently and simultaneously, therefore enabling high definition haptic feedback using a small
actuator assembly. We present the design of Chasm and explore its use cases in a variety of
wearable and handheld embodiments. We optimize the design of a leadscrew mechanism and
embed it in (i) a head mounted system to induce navigational and locomotion cues and (ii)
a handheld pointer to interact with broadband dynamic behaviors of virtual objects (Figure
. In a series of engineering and user testing, we demonstrate high bandwidth and high
fidelity of our design and its capacity to augment user interactions and experiences.

We present the following contributions:

1. We present the design and implementation of a compact screw-based one-degree-of-
freedom haptic actuator capable of rendering broadband and high-fidelity haptic ef-
fects., e.g. low frequency skin-shear combined with high-frequency vibrations or inde-

pendently.
2. We validate the actuator design with engineering and perceptual tests

3. We explore an interaction space and potential form factors using our device
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4. We investigate two exemplary use cases and corresponding psychophysical evaluations

to highlight their utility
4.2 Background

Mechanical stimulations on the body are felt through cutaneous (or tactile) and kinesthetic
systems. Cutaneous receptors are embedded in the dermis and epidermis of the skin, and are
activated by skin deformation due to indentation, stretch, texture, friction, and vibration.
These receptors are sensitive to near DC to ~500 Hz and peak at around 250 Hz, and can
be activated by minuscule displacements and forces which saturate at a few millimeters of
displacement and few Newtons of force [57]. Kinesthetic receptors are located in joints,
muscles and tendons and detect joint movements and muscular activities. These receptors
have small bandwidth (<20Hz) and operate in higher force and displacement ranges [83].

Common haptic actuators used in consumer devices are typically based on voice coil
technology, such as the linear resonator actuator or LRA [19] and the eccentric rotating mass
or ERM. Both actuators are small in size, have few components, and consume low power to
create a noticeable haptic effect. They are used in game controllers, mobile devices, watches,
and many other wearable and handheld devices. These actuators are designed to operate
in the high-frequency vibration range (>100 Hz), where the sensitivity of human perception
is high and low displacements are sufficient to create percepts. Driving these actuators at
lower frequencies, however, may compromise with the overall efficiency such as size, weight,
power consumption and heat dissipation. Piezoceramic based actuators are also available
in compact formfactors, but they are also limited by high-frequency and low-displacement
applications [104].

For low-frequency haptic feedback, recent research has utilized typical motors with cus-
tom transmission for skin stretch and skin indentation applications. Gear-trains or harmonic-
drives first step-down the high motor speed and a custom mechanism converts the rotating
shaft to linear motion. Prototypes have been built with pulley-cable [T00] [105], belt [88],

scotch-yoke [81], delta mechanisms, and gear-rocker [27]drives and then embedded in wear-
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able and handheld devices. These devices can render high fidelity dynamics of virtual objects
and produce sensations of movement, stiffness, inertia and squeeze [40] [I00] [122]. Their
use is however limited due to the relatively high number of components for transmission and
therefore have higher cost, low reliability, audible noise between mechanical components, low
output bandwidth, variability in performance in the operating range, and limited scalability
to various formfactors.

Another compact haptic actuator is the Foldaway linkage by Salerno and colleagues [89],
which uses an origami structure and micromotors to move a compact foldable platform
against finger movements, hereby modulating the stiffness of virtual objects in contact up
to 2 N. Recent research has also explored soft actuators, such as pneumatic and electroac-
tive polymers for their compact and flexible housings, however, their use for wearable and
handheld devices are limited due to oversized pressure sources (such as a compressor cylin-
der) or high driving voltages (beyond normal safety ranges). However, these actuators show

potential for future use in wearable and handheld technologies [I57].

A common rendering haptic primitive is skin stretch, which has been used to display
friction [I13]and inducing directional cues for driving guidance [I03]. Skin stretch has also
been used to display forces tangentially to finger pads, to simulate gravity [87] or other forces
[94] [144].Tactors are placed in a pen type end effector to give force feedback and guidance
cues [I14], in a handheld device to create forces and torques [I13],or mounted directly to
the fingertip to render both contact force and weight [122]. In addition to the fingertip
feedback, skin stretch can display information to the arms and other body locations [52]
[67]. Recent research has also explored multidimensional haptic cues and sensory illusions in
rich sensory environments and provided users with believable and expressive feedback [17]
[27) [67]. Several researchers have also employed none to low-quality haptic feedback with
altered visual interactions and showed enhanced perception of weight and other dynamic
forces in virtual environments [73] [120]. Based on these studies, it is hypothesized that low
profile skin deformations can substantially improve user interactions with objects in dynamic

virtual environment, without the need of high force kinesthetic cues for a believable sensory
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Figure 4.2: A cutaway section showing the mechanical and electrical components of Chasm

Recently, Sreetharan and colleagues investigated lead screw drives to directly convert the
high rotational speed of a stepper motor to linear motion without the need of an intermediate
transmission mechanism [I32]. Their prototype was compact (8 mm 13 mm 27 mm; 5
grams) and had high output performance (max. force: ~1 N, 5 mm stroke at ~100 mm/s
with 2 W of maximum power consumption). However, the performance of the actuator was
substantially depreciated when a finger was loaded on the moving saddle, reducing both the
stroke of the saddle and its bandwidth due to the open loop control scheme to command the
motor [132].In this paper, we optimize the design of a screw directly-driven by a DC motor,
specifically without the use of intermediate gearheads or step-down mechanisms, using a PI
(proportional-integral) feedback control law to maintain high bandwidth and reduced finger

loading effects, and explore its usability in a variety of wearable and handheld configurations.
4.3 Design

Chasm’s core design element is a motor coupled directly to a leadscrew, that is, without
any additional transmission or step-down mechanisms between the motor and the leadscrew.
Chasm was also designed to have a minimal number of components: a DC motor without an

integrated gearhead, a custom leadscrew and nut, two bearings, and a housing. Our design
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process began by evaluating numerous leadscrew and motor manufacturers. Although some
motor manufacturers offer motors with leadscrew shafts, these motors are often stepper
motors which could not perform within our performance envelope [132]. Brushless direct
current (BLDC) motors were also considered, but ultimately brushed direct current (DC)
motors were chosen due to their simplicity to control and compact size. The leadscrew
manufacturer, Ametek, was chosen mainly due to their capability in producing custom high-
precision, low-friction leadscrews and leadscrew nuts. Through a process of evaluation of
various combinations of leadscrews and motors, we finalized on pairing the 12 Volt Faulhaber
1016 [31] DC motor with a customized LSS series 2 mm leadscrew with a 1 mm lead [63],
due to the satisfactory linear speed at nominal motor speed and excess in force output to
accommodate for any frictional losses. With modularity in mind, the leadscrew nut has a
simple flanged design with flats to accommodate 3D printed extensions. Figure [4.2 shows
a sectional model of Chasm with the internal components visible. In order to obtain the

high-fidelity haptic output performance in our design, we list the desired specifications in

Table [4.1].

In order to track the position of the leadscrew, Chasm was designed to have a magnetic
encoder placed directly underneath the leadscrew assembly. The Austria Microsystems (ams)
AS5311 [5] was chosen due to its high bandwidth, high resolution and ease of integration.
A magnetic strip with alternating poles every 1 mm serves as the tracker, which is bonded
directly to the leadscrew nut. The Texas Instruments (TI) DRV8835 [51] was chosen to
drive the motors due its compact size, low operating voltage and high current capability.
Furthermore, with compactness and efficiency in mind, both the magnetic encoder and motor
driver are assembled on to the same printed circuit board (PCB) that is mounted underneath
the leadscrew and motor.

Lastly, a custom machined housing, two micro bearings and a 1 mm diameter shaft serve
as the main structural elements. The bearings that are press-fit into the housing provide
rigidity and constraints for normal and thrust loads for the leadscrew. The 1 mm diameter

shaft constrains the nut from rotating while minimizing sliding friction. The overall size of
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Chasm excluding the wiring terminal is approximately

11 mm 14 mm 45 mm.

Table 4.1: Specification of the desired and achieved Chasm actuator

Performance Metric Desired Value Theoretical Achieved

Size and weight <8 cm?® and 25 grams  N/A 6.54 cm® and 15 g

Bandwidth >100 Hz perceivable N/A 170 Hz perceivable

Displacement ~5 mm 5 mm 3.42 mm

Stroke rate Linear up to 100 mm/s 110 mm/s 212 mm/s

Output Force ~4 N 7.72 N 4.8 N

Noise Unnoticeable audio N/A Minimal noise

Power Consumption <2 W 2 W Nominal: 0.6 to 144 W
Peak: 2.7 W

4.3.1 Closed-loop Control Law

Chasm achieves closed loop control by reading the ams AS5311 magnetic encoder as input
for the position of the leadscrew nut and sending correction commands to the TT DRV8835
motor driver. A PJRC Teensy 3.5 ARM Cortex-M4 microcontroller was used to maintain
an interrupt-driven 1000 Hz proportional-integral (PI) controller on up to two Chasm units.
The gains of the controller are selected to achieve a high gain crossover frequency for faster
response time and a low overshoot, compensating for skin-loading disturbances and reducing

structural and resonant harmonics in the DC to 100 Hz range.

4.3.2  Information Flow Framework

As Chasm is designed to be prototyped in various use cases, a robust software framework that

can adapt to various scenarios is required. Firstly, in order to reduce guesswork in latency of
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haptic rendering, we used the universal serial bus human interface device (USB HID) class for
communicating between the rendering device and the Teensy microcontroller in “Raw HID”
mode. USB HID has two major benefits: (i) it has plug and play capability for most devices
on the market, including consumer VR devices such as the Oculus Quest, most Android
smartphones and most modern PCs running Windows, Linux or macOS, which eliminates
the need for custom drivers, (ii) USB HID requires the host device to reserve bandwidth for
HID, which is only 64 bytes per millisecond, however, if a command packet is less than 64
bytes, the latency is ideally 1 millisecond.

Then, to increase scalability and aid development time, protocol buffers (protobuf) is used
as a serialization layer, i.e. structured data is translated to protobuf binary data before send-
ing or receiving the data between devices [44]. Consequently, typical packets being sent to
the microcontroller, such as commands to move the end effector (leadscrew nut) to a specific
position, are 6-10 bytes in size, which is well below the 64 bytes bandwidth for 1 ms latency.
Another benefit is protobuf supports most popular programming languages, including C+#
and C++. We use the protobuf-unity [102] library for our Unity (C#) implementation and
nanopb [4]for our microcontroller (C++) implementation.

Our implementation of the framework is as follows. On the firmware side, the microcon-
troller, while running the PI control loop, concurrently waits for a packet coming in from
USB HID. The packet contains information such as the desired position for each Chasm unit,
the speed in which to translate to that position, a command to play back stored sequences
of positions or the sequences themselves (uploading waveforms). Once a packet is received
and deserialized, the microcontroller immediately updates all state variables for the motors
or performs the commanded actions. The microcontroller can also send data back to the
host device using the same protocol for diagnostics. Figure shows an overview of the
framework.

Finally, we created operating system (OS) specific linked libraries (also known as plug-
ins) for Windows, macOS, and Android. These plugs-ins can then be integrated into most

applications that run on the system. In this paper, we exclusively use the Unity game engine
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Figure 4.3: The overall architecture for Chasm’s controller.

with our plug-ins because of its multi-platform and VR capabilities. Unity can then be used
as a simulation engine to drive both the visuals and haptics, letting users and the actuator

react to both modalities seamlessly.

4.4 Design Validation

With the proper control architecture in place, we can command the actuator to move the end
effector with various displacement profiles under different loading conditions. To verify that
Chasm, once integrated, can render various haptic effects from constant skin-stretch to high
frequency vibrations, the following section presents results from experiments for validating
the actuator’s performance. We also summarize the comparison of Chasm’s performance to

other research prototypes in Table 4.2

4.4.1  Temporal Response

The magnetic encoder was validated first to determine its usability as a sensor. We fitted a
prototype of Chasm with a nut extension with a reflective marker, as shown in Figure [4.4h,
and used a laser doppler vibrometer (Polytec PSV-500) to measure the actual displacement
compared to the encoder readout. Figure [{.4p and Figure .4k show that the encoder has

a linear response and can be trusted to provide accurate position tracking down to 100
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Table 4.2: Comparison between Chasm’s performance and similar research devices — unavail-

able data is represented with a dash

Device Vol. Wt. Workspace Force Freq. Freq. Power
(cm3) (g) (mm) (N)  (Hz) -3dB (Hz) (W)

Chasm 6.54 15 3.4 4.8 170 20 0.6 - 2.7

Sreetharan [I32] 1.87 5 6 1.5 15 4 <2

Tian [139] 121 100 18 3.23 - - -

Clemente [23] 52 60 6 8.6 30 5.5 -

hRing [94] 10.4 15 - 0.3 - - -

HapTip [30] 24.3 22 4x4 3.4 - - -

Schorr [122] 42 32 10x10x5 7.5 30 ~15 -

Foldaway [89] 188 130 35x35x30 2 140 20 -

microns. All subsequent experiments were performed using the magnetic encoder exclusively

as positional tracking ground truth.

Unloaded Step Response. We ran a series of step response tests, in both the unloaded
and loaded conditions. The actuator has an average rise time of 12.9 milliseconds and a
steady-state error of 40 microns, as reported by the encoder and shown in Figure [4.4f. The

top, no-load, speed of the actuator, as calculated from the rise time, is 217 mm/second.

Loaded Step Response. To put the actuator under nominal loading conditions, we first
constructed mock prototypes with embedded capacitive force sensors to determine the usual
normal loading. These mock prototypes reflect the use-cases in later sections and all loading

conditions tested here are extreme loadings on the mock prototypes.

The loaded step response in Figure shows that the actuator can still render displace-

ment under a normal loading of 3.6 N with a constant displacement error of 150 microns.

Blocked Force Response. We also ran a blocked force response test, with the setup shown
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in Figure [£.4d. The results, Figure [f.4p, show that the actuator can reach the steady state
force of 4.8 N. The response characteristics can be further improved by tuning the derivative
part of the PID control law. However, the design of a new and accurate control law is beyond

the scope of this paper.

4.4.2  Frequency Response

To validate the extent of Chasm’s bandwidth, we ran a series of frequency response experi-
ments.

Chirp Response. Chasm was commanded a sinusoidal waveform that swept from 0.5
to 40 Hz at a constant amplitude of 1.71 mm (3.42 mm peak-to-peak) for a duration of 2
seconds. Figure [4.4h shows temporal response of Chasm’s carriage displacement, and Figure
[4.4j shows the frequency response with gain-crossover frequency around 20 Hz.

Sinusoidal Response. In a separate experiment, Chasm was commanded with sinusoidal
frequencies from 1 Hz up to 100 Hz at amplitudes from 0.15 to 1.71 mm. The results shown
in Figure [4.4) represent the mean attenuation across all amplitudes and loading conditions.

The frequency response shows that Chasm has a significant attenuation above 20 Hz.

4.4.83 Human Perception Bandwidth

Although the results in the frequency response characterization show that the actuator’s
output is significantly attenuated at frequencies higher than 20 Hz, we ran a pilot study to
show that rendered frequencies above 20 Hz can still be perceived, up to 170 Hz, as in Figure
(4.5l

Seven participants, (7 males, aged 26 to 44) held a handheld prototype with their thumb
resting on the actuator’s end effector for measuring the finger’s perceivability and a headgear
prototype with the actuator touching the right side of the temple (as shown in Figure .
Participants experienced two intervals of stimuli, either the first or second interval had the
actuator active and participants would answer in which interval they felt the stimulus. The

stimulus were displacements in a sine wave from 0.5 Hz to 170 Hz at a constant amplitude
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Figure 4.4: (a) The experimental setup for validating Chasm’s encoder output (b) & (c)
Plots showing the tracking error between Chasm’s encoder and the laser vibrometer readings
(d) The experimental setup for measuring Chasm’s force output. (e) A plot showing the
blocked force response given a step input of 3.4 mm (f) A plot showing the overall rise time
of 12.9 ms, given an unloaded step input and the steady-state error of 40 microns (g) A plot
showing the loaded step response with a 3.6 N preload (h) & (i) Plots showing the unloaded
and loaded frequency response of a chirp signal from 0.5 to 40 Hz (j) A plot comparing
the attenuation between the unloaded and loaded frequency response of 3.6 N and 4.4 N of

preload at various frequencies up to 100 Hz

of 0.428 mm for 1 second. Participants also wore noise cancelling headphones with a tone

played in the same frequency as the actuator at each interval to mask out any audible cues.

The results are shown in Figure for the finger pad (red) and temple (blue). Even
though the actuator’s response is dampened significantly, it is still perceivable from 0.5 Hz

to 170 Hz on the hand and from 0.5 to 72 Hz on the head. Beyond 128 Hz, participants
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Figure 4.5: (left) A plot of the average attenuation when loaded on the head and finger
at various frequencies. (right) The average responses of identifying the correct interval for

each condition

reported that the whole device vibrated and was perceivable by the hand. This could be due

to aliasing and the limited sample rate of our controller which is currently set to 1000 Hz.

4.4.4  Power Consumption

During the blocked force response experiment, we captured a peak current consumption of
225 mA at 12 Volts. Assuming a 60% output loss due to mechanical and electrical efficiencies,
we can approximate the power density of Chasm to be 166 kW /m3. However, during normal
operation, such as rendering a 100 Hz sine wave at 0.25 mm amplitude or moving the end
effector from resting to 2 mm, we observe only peak momentary current consumption from
50 to 120 mA. Furthermore, for certain conditions such as rendering a constant force, since
Chasm’s leadscrew is self-locking and non-backdrivable, we can simply drive Chasm to its
intended position and cease to supply power since the position will be held regardless of

power input.
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4.5 Use Case Explorations

Chasm presents many advantages for haptic devices and is highly scalable. In this section, we
highlight these advantages in a variety of embodiments and explore its design and interaction
spaces. The benefits of Chasm are its broad bandwidth and flexible design configurations
that enables the realization of high-fidelity haptic interactions embedded in a variety of

wearable and handheld devices.

4.5.1 Wide Bandwidth and Linearity

Chasm has broad bandwidth compared to previously reported devices. We achieved this
performance by using small and fewer components and optimize the actuator response by
using a PI feedback control law that achieves high response time, operating range linearity,
disturbance rejection, and near DC to >100 Hz perceivable frequency range. Many previous
voice-coil solutions operate in broad frequency response from ~30-500 Hz, which covers
most of the vibrotactile range of human perception, however driving them at low-frequency
movement profiles increase the size, power and heat generation. Due to low back drivability
and the operating nature of the screw mechanism, Chasm’s response is highly linear and
consistent in its operating range; and can render both low-frequency (or low velocity) force-
displacement profiles as well as high-frequency vibrotactile sensations, therefore extends into

the broader dynamic range of human haptic perception.

4.5.2  Flexible Design Solutions
Compact, restricted and complex spaces

Chasm is housed in compact and small casing and can be directly integrated in hardware
prototypes. For smaller profiles, a smaller size motor can be utilized, such as [132] achieved
~1 N of force with a 5-gram design. In more restricted and complex spaces, screw mechanisms
can be folded and/or beveled by using a pair of spur or bevel gears, as shown in Figure .

These gears have high efficiencies (up to 95%) due to small step-down speed and produce low
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noise, and therefore compromises in the design extends the usability into many formfactors.
Multiple Chasm units can be embedded in a device to distribute the load and interactions
through independent contact locations with the device (Figure ), and screw linkages can
also be a part of the overall structure of the device and provides resisting forces against user’s

loading.

motor shaft
interface
ﬁ j—cornece
— spur bevel I

Figure 4.6: (left) Design variation of the screw mechanism. Direct drive lead screw (top)
and folded and beveled designs (bottom) of the screw mechanism. (right) multiple screw

mechanism are used in a cell phone case to distribute multi-finger interactions.

Multidimensional Configurations

In the design shown in the previous section, the rotational motor shape is translated to the
linear carriage motion that is coupled to the skin interface. A typical application is sliding
against the skin to shear or stretch the skin. A different coupling adapter can be used to
translate the carriage motion to indent into the skin. Figure shows a hand controller
embedded with Chasm in shear mode to stretch the skin of the thumb, and Figure [£.7b shows
Chasm in a normal force configuration to resist against the finger motion in a trigger-like

action, where back drivability is emulated using an inline force sensor.
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Capacitive Force Sensor

Figure 4.7: A hand controller embedded with Chasm in (a) shear mode and (b) normal

mode, with an inline capacitive force sensor to help emulate back-drivability

4.5.8  Formfactors and User Experiences

Typical applications of Chasm are in handheld devices, where the linear motion of Chasm is
interfaced with the skin of the fingers and palm and enhances dynamic interactions during
manual tasks. It can be placed in a compact game controller or in the casing of a cellphone
to render directional cues for navigations, surface texture during object explorations, stiffness
and weight cues for object manipulation, dynamic shaking during collisions, and enhanced
feedback with user interface widgets, such as in a button press or a slider motion. Another
use case is a stylus shaped marker used as a writing device on flat surfaces and the embedded
Chasm stretches the finger skin to render virtual textures and topology on the surface and
alter mechanical features of virtual objects, as shown in Figure 4.8 Similar interactions can
be done in mid-air with a pointing device, where the skin stretch of the finger enhances user
interactions with pull-push like sensations and allow users to perform dynamic manual tasks,
such as feeling compliance and weight of virtual objects — for example see [139].

Another utility of Chasm is in wearable devices, where the compact actuator stretches
the skin to induce locomotion cues. In shoes, the actuator stretches the skin of the sole to

indicate forward and backward motion while the user slides on virtual ice. A pair of Chasms
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Figure 4.8: Other stylus-based use cases for a leadscrew-driven design. (left) Driving the

height of a stylus tip. (right) Regulating the friction of a ball-point style tip via a spring.

in a headband stretches the skin of the temple on the forehead, and the coordinated motion
of each actuator on two sides of the head induces illusion of translational and rotational
motion of the head (Figure . The backward stretch of temple skin induces forward motion
and the forward stretch induces backward motion. In addition to providing directional
locomotion cues, stretch cues on the peripheral forehead could modulate motion sickness by
inducing corresponding and reactive tactile cues to compensate for the high-speed optic flow

through the visual sense.

4.6 Integration and Applications

In this section we discuss about the software architecture to quickly prototype experiences
using Chasm and realize common wearable and handheld prototypes. We investigate the
use of our actuator (i) in a head-mounted band to render haptic feedback at two sides of
the temple to induce locomotion to users, and (ii) in a handheld pointing device to enhance
interaction fidelity between the user and virtual objects, and explore use cases in these
two settings with a series of user studies. We investigated if the inclusion of haptic cues

improves user fidelity and performance bandwidth in rich virtual environments in a set of
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Figure 4.9: The four different haptic cues rendered by the head mounted device prototype

psychophysical studies presented in this section. All user studies are conducted after ethical

and safety reviews by our institution.

4.6.1 Software Workflow for Interactive Gameplay

The Unity game engine, along with the USB HID plug-ins mentioned in the Information
Flow Framework section, was used to create experiences for the Oculus Quest. On the de-
velopment side, we created numerous tools to be used within the Unity Editor to author
waveforms and commands that could be instantly tested on Chasm and later preloaded for
rapid playback when needed. During real-time simulations, e.g. physics simulations, smaller
commands such as “move the end effector to 0.5 mm at 0.5 mm/s” are sent to the controller,
enabling responsive interaction scenarios that are directly coupled to the visuals presented.
These commands and waveforms are encapsulated in our custom Haptic Waveform proto-
buf message that contain data ready to be serialized and transmitted to Chasm’s controller
firmware. Once the experiences in Unity are ready to be tested or deployed, a compiled an-
droid application is sideloaded onto the Oculus Quest. Chasm’s microcontroller, the Teensy
3.5, is then plugged directly into the USB Type C receptacle on the Oculus Quest to be used

as a standalone device.



64

4.6.2 Head Mounted Gear to Induce Locomotion

We prototype the headgear by dismantling the head strap from a 3M H-700 series helmet
and attaching it to a 3D printed nylon strip with rails on the edges and slots in the middle.
We also printed a custom adapter and attached it to Chasm’s housing such that the adapter
slides on the headband on rails with the moving carriage extending beyond the slot, as shown
in Figure[d.1 We tested several shapes, sizes, texture and material of the interface block, and
selected a smooth circular disk (radius 6 mm) made from elastomeric polyurethane (EPU).
This disk ensures that Chasm stretches the skin without making the user uncomfortable.
We embed a pair of Chasm actuators on two adjacent sides of the headband and adjust
the position of the interface to stretch the skin of the temple in the forward and backward

direction as shown in Figure

We ran two preliminary studies to investigate the impact of stretch cues on the forehead.
Both studies were conducted in a VR environment, where participants wore the headband

first to their comfortable levels and then donned an Oculus Quest headset over the band.

In the first study, participants were presented with an optic flow stimulus rendered as a
star field moving towards the user and the speed of the optic flow was increased or decreased
from a set value during a trial. Each participant’s task was to indicate whether the star
field motion accelerated or decelerated in the trial. In the visual only (V) condition, the
optic flow was rendered at the reference speed of 20 m/s for 1 second followed by 3 seconds
of acceleration or deceleration. In the visual-haptics (VH) condition, the visual cue was
supplemented with stretch cues either both actuators move backwards (for acceleration) or
forwards (for deceleration). Eleven values of change in optic flow speeds were tested (5
accelerated speeds, 5 decelerated speeds and one no change in speed) and the distance of the

skin stretch was maintained constant for all VH trials.

Six participants (6 males, ages ranging from 26 to 44, median age: 27 years old) completed
two test conditions (V and VH) composed of 88 trials, with 4 repetitions of each level, and the

order of the conditions was randomized. Before the experiment, participants were instructed
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and given a few trials to become familiar with the task and environment.

Figure shows the “proportional of yes” response for participants feeling acceleration
(y-axis) as a function of acceleration of optic flow in the two test conditions. The data is fitted
with a psychometric curve using the Palamedes Toolbox [I11]. The slope of the psychometric
curve near the middle of the plot is steeper in VH condition than the V condition, suggesting
better discriminability and multisensory integration in the presence of haptic cues, however,
effects of haptic cues were not significant. Using the fitted psychometric curve, we evaluate
the just-noticeable-difference (JND) and the point of subjective equality (PSE). Where the
JND is 1.728 m/s? for the V condition is slightly improved to 1.359 m/s? for the VH condition.
The PSE point for the V condition is 5.6 m/s? and the PSE for the VH condition is 6.114

m/s?.
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Figure 4.10: Psychometric plot comparing responses from the V and VH conditions for the

acceleration study

In the second study, participants were placed in a VR maze of corridors and the task
was to navigate through the maze to find the correct meeting room. An aerial map of the
maze was provided to the user with the meeting room marked, however the orientation of

the maze and location of the destination room were randomized in each trial, and location
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of the participant was not indicated on the map. The map is provided in all conditions at
the press of a button on the controller.

In no-haptics (No H) conditions, participants navigated through the maze using the map
(Figure [4.11). In haptic-navigation (Nav H) conditions, navigation cues were provided to
the participants through the headband. The right actuator stretching forward indicated the
participant to turn left and the left actuator stretching forward would indicate a right turn.
Both actuators stretching forwards means that the participant is headed the wrong way and
should turn back, as shown in Figure 1.9 Participants were not told about the mapping of
haptic feedback and were required to intuitively learn them and use them to complete the
task. A third condition, haptic-gaiting (Gait H), was the same as the no-haptics condition
except with alternating haptic cues on the two sides of the head corresponding to the gait of
users’ footsteps during walking, and the tempo of haptics cues was increased during running.

The purpose of this condition was to evaluate if the peripheral haptic cues on the forehead

have an effect on motion sickness in VR environments.

_

NN

Figure 4.11:  (left) An overview of the maze (right) The view from the VR headset while

the participant views the map

Ten participants (9 males, ages ranging from 26 to 44, median age: 28 years old) com-
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pleted the study. Each condition was presented once, and the order of conditions was ran-
domized. Participants were allowed to look at the map as many times as needed and asked
to reach the destination as quickly as possible. Participants started with a small corridor
where they became familiar with the VR environment and the clock started once they crossed
the corridor and entered the maze. Figure shows a birds-eye-view of the map with the

proposed directions and the participant’s perspective.

Figure shows the overall completion time and subjective evaluation of motion sick-
ness induced due to the VR environment. The haptic-navigation condition yielded lowest
completion times (p<0.01, paired Student’s t-test), while there was no statistical difference
between the other two conditions (p>0.05). The haptic-gaiting condition also induced lower
subjective motion sickness. Participants reported that haptic effects were not annoying, but
in fact pleasant and informative, and they were distracted to notice visual motion and were
engaged with visual-haptic cues. Participants, however, felt that the head mount gear was

tight especially after donning the VR headset on top.
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Figure 4.12: Box plots for completion time (left) and induced nausea level (right) while

navigating in the VR maze.
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4.6.3 Handheld Stylus for Enhanced Dynamic Interactions

Using a whiteboard marker as inspiration, we designed a housing for Chasm in a stylus
formfactor. The front half of the housing houses Chasm’s components while the other half
is solid plastic sized to be similar to a whiteboard marker. Users hold the marker in the grip
position shown in Figure [4.1| with their thumb resting on the end effector. The thumb would
then experience shear force from the actuator creating the illusion of impact, stiffness, force,
weight or texture. The body of the marker prototype was 3D printed from ABS plastic.
To track the position of the marker to be rendered in VR, the user worn an Oculus Touch

controller with a Velcro strap securing it around their palm, as shown in Figure [4.1]

Simulation Model

We used a “god object” model [164] to render haptic feedback on the thumb while the
user interacted with objects using a virtual tool. The virtual tip of the marker, as seen
by the user, cannot penetrate objects. When the actual position of the tip penetrates the
virtual object, a force corresponding to the difference between the displacements of the
virtual marker and the actual marker was rendered as skin stretch on the thumb. Figure
shows a simple implementation of a button press. When the tip of the real marker
initiated the contact with the virtual button, the displacement of the button (dg) and the
displacement between the button and the tip (dp) are both zero. As the tip pressed in the
button, the resulting movement of the button in the visual scene is a function of the actual
tip displacement. The ratio of the tip displacement (control, C' = dg + dp) to the button
displacement (display, D = dg) induces the “pseudo-haptic” stiffness of the button, without
any haptic cue [100, 120]. The movement of the virtual button was governed by its stiffness
(kp), and the resulting force feedback was rendered as Fp = kpdp. The pseudo-haptic ratio
is:

dp +d k
c/p=2r*% _ e
dp kp

The value of kp was assigned to 2500 (N,/m, where N, is the Newton in game engine
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units) to compensate with the scaling in the Unity Engine and to render kg up to 10000
(N,/m) by displacing to the extreme position of Chasm’s moving carriage, i.e., a maximum
skin-stretch of 3.42 mm. The carriage displacement (d¢) is linearly scaled to dp and renders

instantaneous forces (Fp) on the thumb.

Time remelining: 8.4 seeends.

G

Actual Marker Posmon

4—— Marker as seen in VR

Distance from real hand
to marker in VR

L Displacement as seen in VR.
d Mipfp—

Figure 4.13: A simulation model for button pressing in VR

Psychophysical Study

In order to assess the usability of stretch cues on fingers for dynamic manual task, we ran a
psychophysical study to evaluate the effectiveness of Chasm to render stiffness of a button
press in the virtual environment. Thirteen participants (9 males, ages ranging from 25 to
44, median age: 28 years old, all righthanded) took part in the study. Participants were
asked to sit on a chair, with the righthand controller strapped to the right hand holding the
marker prototype and donned an Oculus Quest headset.

In each trial, participants were asked to use the marker to press into two buttons placed
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side by side and identify the button with larger stiffness. A reference stiffness of 5000 N, /m
was randomly assigned to one button and the other button (target) was assigned the stiffness
from one of 12 values with higher or lower stiffness between 1000-9000 N, /m. Participants
were told that they could feel each button twice and enter their response within the 10 second
long trial. Each target stiffness was repeated four times with the total of 48 trials per test

condition.

Three conditions were tested per participant: In the visual only (V) condition, pseudo-
haptic feedback was presented with kp set to 2500 NV,,/m. In the haptic only (H) condition,
participants felt skin stretch cues of reference and target stiffnesses through the marker dis-
placement d¢, and kp was set to infinity to obtain the C/D ratio of 1 for both button presses.
In the visual-haptic (VH) conditions, both pseudo-haptic and congruent skin stretch cues
were presented simultaneously. The levels and ranges of skin stretch and pseudo-haptic were
determined in a pilot, where the extreme levels of stiffness were discerned ~10% and ~90%
times from the reference stiffness. Participants completed all three conditions presented in
a random order, therefore completing 144 trials which lasted roughly 30 minutes including

breaks. Throughout the experiment, participants wore headphones playing pink noise.

The experimental responses were combined for all participants and proportion of “yes”
responses that the button is stiffer were plotted against the target stiffness (Figure .
Psychometric curves are fitted to the means and the error bars represent standard error
of the means. A two way repeated measure ANOVA indicated significant effect of stiffness
[F(11,110)=10.9; p<0.001] and test condition [F'(2,20)=6.6; p<0.01] on the probability of yes
response, while stiffness-condition interaction term was not significant (p=0.55). The slope
of VH is much steeper than that of V, indicating better stiffness discriminability with the
inclusion of haptic cues (Weber Fraction in V: 0.63 and VH: 0.297). In fact, improvement
in sensitivity was entirely due to haptic cues (WF in H: 0.297) indicating effectiveness of

skin-stretch in dynamical manual tasks.
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Figure 4.14: Psychometric plots comparing: (top) the V and VH conditions for the stiffness

perception experiment and (bottom) the H and VH conditions

Interactive Scenarios

To evaluate the real-world use of Chasm’s stylus prototype, we generated a set of scenarios
in a VR experience presented as a series of “boards” the user can scroll through using two
buttons (Figure [1.15). The user dons an Oculus Quest headset and holds the marker as
shown in Figure [£.1] In all scenarios, the marker is represented as a black cylinder with a

rounded tip. The marker cannot penetrate most objects presented and is tied to a virtual
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spring to the actual marker location, creating a pseudo-haptic weight or force illusion upon

contact similar to the technique used in the psychophysical study.

Figure 4.15: Demonstration boards for the for the marker prototype

Whiteboard. A virtual whiteboard is presented as a 1 x 1 meter square with a lightly
textured surface. The user uses the virtual marker to draw on the surface of the whiteboard.
Chasm renders a small “bump” upon contact with the board, simulating a constant pressure
from touching the board. If the user starts to move the marker on the surface, a line is
visually generated along with a vibration of 75 Hz. Once the user removes the marker from
the board, another “bump” is rendered, simulating the release of pressure from the board.

Textures. Two different textures are presented side by side, one resembles a rough texture
and the other resembles a smoother texture. Both textures have the same behavior as the
whiteboard. The rough texture has a 25 Hz vibration cue while the smoother texture has a
40 Hz vibration cue.

Texture to Displacement Map. This experience serves a demonstration to encode visual
textures (like colors or grey shades) to haptic cues. The marker’s tip samples the texture in
contact with it and commands Chasm’s displacement corresponding to the sampled intensity
in the red channel. Thus, the haptic texture can be authored using images, drawings and
pictures. Alternatively, the user could see one texture being displayed and feel another
invisible texture using a separate channel for enhanced haptic cues.

3D Model. A textured, large, 3D rubber ducky is rendered in the scene. The user pokes
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the duck with the marker in order to create the presence of a physical object being in the
scene. Chasm renders a displacement when the actual marker penetrates the duck, but the
marker does not penetrate visually in order to create a force effect. The user moves across
the model to feel curves and ridges of the 3D model.

Cloth Simulation. The user is presented with an orb that attaches to the marker when
the marker is in proximity with the cloth. Once the orb attaches, Chasm renders a subtle
haptic impact. As the cloth is stretched in, Chasm renders shear force accordingly. At the
end of the cloth’s stretch, the user penetrates through the cloth and a “snap” haptic effect
is played. This experience demonstrates the use of arbitrary haptic waveforms that were
authored as presets beforehand.

Cubes and Spheres. The user is presented with a shelf of 3 cubic blocks and 3 spherical
balls of approximately 15 x 15 x 15 c¢m in size. Each object has a unique mass that reacts
to the user prodding them with the marker according to Unity’s physics engine. The user
experiences both pseudo-haptic weight and the sensation of force from Chasm’s displacement

according to how far the virtual marker is to the actual marker.
4.7 Concluding Remarks

We present Chasm, a compact, lightweight and scalable screw based haptic actuator that
can render dynamic haptic feedback in a variety of applications. Advantageous features of
the actuator are its broadband range, linear operating features and low power consump-
tion. Chasm renders multidimensional haptic feedback by directly converting the fast motor
speed to the motion of the end effector, thereby simultaneously stimulating the skin with
low-frequency skin deformations and high-frequency vibrations. In a series of studies and
embodiments, we show that Chasm is used to stimulate forces, texture, vibrations in dynam-
ical manual tasks, and induce navigational cues and illusory locomotion cues. In our future
work, we will extend our preliminary findings of inducing forces and locomotion with Chasm
and determine its capacity in other embodiments of wearable skin deformation devices to

enhance user experience in high sensory environments.
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Chapter 5

HAPLETS: FINGER-WORN WIRELESS AND
LOW-ENCUMBRANCE VIBROTACTILE HAPTIC
FEEDBACK FOR VIRTUAL AND AUGMENTED REALITY

Pornthep Preechayasomboon, Eric RombokadT
1 Mechanical Engineering, University of Washington

This chapter was originally published September 20, 2021 in Frontiers in Virtual Reality,
Haptics [109]

Abstract

We introduce Haplets, a wearable, low-encumbrance, finger-worn, wireless haptic device
that provides vibrotactile feedback for hand tracking applications in virtual and augmented
reality. Haplets are small enough to fit on the back of the fingers and fingernails while
leaving the fingertips free for interacting with real-world objects. Through robust physically-
simulated hands and low-latency wireless communication, Haplets can render haptic feedback
in the form of impacts and textures, and supplements the experience with pseudo-haptic
illusions. When used in conjunction with handheld tools, such as a pen, Haplets provide
haptic feedback for otherwise passive tools in VR, such as for emulating friction and pressure-
sensitivity. We present the design and engineering for the hardware for Haplets, as well as
the software framework for haptic rendering. As an example use case, we present a user
study in which Haplets are used to improve the line width accuracy of a pressure-sensitive
pen in a virtual reality drawing task. We also demonstrate Haplets used during manipulation
of objects and during a painting and sculpting scenario in virtual reality. Haplets, at the

very least, can be used as a prototyping platform for haptic feedback in virtual reality.
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Figure 5.1:  An overview of Haplets (A) Components comprising of a Haplet unit is shown,
including the three key elements: the wireless SoC, the LRA, and the built-in battery. (B)
Haplets are attached on the fingernails through fingernail-mounted magnets. The magnets
are embedded in a plastic housing that is attached to the fingernail using double-sided
adhesive. (C) The user wears Haplets on the thumb, the index finger and the middle finger.
An example of a manipulation scenario as seen in VR compared to the real-world is shown.
(D) When used with a tool (a pen, as shown), Haplets can be used to augment the virtual
representation of the tool in VR by providing vibrotactile feedback in addition to the passive

haptic feedback provided by the finger’s grounding on the tool.

5.1 Introduction

Hands can be considered the most dexterous tool that a human naturally possesses, mak-

ing them the most obvious input modality for virtual reality (VR) and augmented reality
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(AR). In productivity tasks in AR and VR, natural hand tracking enables seamless context
switching between the virtual and physical world i.e. not having to put down a controller
first to interact with a physical keyboard. However, a major limitation is the lack of haptic
feedback that leads to a poor experience in scenarios that require manual dexterity such as
object manipulation, drawing, writing, and typing on a virtual keyboard [39]. Using natural
hand input invokes the visuo-haptic neural representations of held objects when they are
seen and felt in AR and VR [75]. Although haptic gloves seem promising for rendering a
realistic sense of touch and textures, or provide kinesthetic impedance in the virtual or aug-
mented space, wearing a glove that covers the fingers greatly reduces the tactile information
from physical objects outside the augmented space. Thus having a solution that provides

believable haptic feedback with the lowest encumbrance is desirable.

Numerous research devices have shown that there is value in providing rich haptic feed-
back to the fingertips during manipulation [56, 122, 406, [74], texture perception [12], stiffness
perception [119], and normal and shear force perception [66], 106]. Although these devices
may render high fidelity haptic feedback, they often come at the cost of being tethered to
another device or have bulky electronics that impede the wearability of the device and ul-
timately hinder immersion of the VR experience. Additionally, once devices are placed on
the fingertips, any interaction with objects outside the virtual space is rendered impossible
unless the device is removed or put down. [I34] has shown that wearable, wireless, low en-
cumbrance haptic feedback on the fingertips is useful for AR scenarios with a prototype that
leaves the fingertips free when haptic feedback is not required. Akin to the growing adoption
of virtual reality, the device must be as frictionless to the user as possible — wearable haptic

devices are no exception.

It has been shown that rendering haptic feedback away from the intended site does
provide meaningful sensations that can be interpreted as proxies for the interactions at the
hand [I00], or for mid-air text entry [39]. [6] has shown that rendering vibrations on the
fingernail can be used to augment passive touch-sensitive displays for creating convincing

perception of edges and textures, others have extended this technique to include projector-
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based augmented reality [116], and even used the fingernail as a haptic display itself [48]. We
have shown that there is a perceptual tolerance for conflicting locations of visual and tactile
touch, in which the two sensory modalities are fused into a single percept despite arising
from different locations [I1]. Furthermore, combining multiple modalities either in the form
of augmenting otherwise passive haptic sensations [18], using pseudo-haptic illusions [2], [120],
or a believable simulation [71], 12], can possibly mitigate the lack of congruence between the
visual and tactile sensation. We therefore extend what [6] has proposed to immersive virtual
reality by placing the haptic device on the fingernail and finger dorsum and compensating
for the distant stimulation with believable visual and haptic rendering, which leaves the

fingerpads still free to interact with real-world objects.

With the hands now free to hold and interact with physical objects, any passive object
can become a tangible prop or tool. These held tools can provide passive haptic feedback
while presenting familiar grounding and pose for the fingers. Gripmarks [162] has shown that
everyday objects can be used as mixed reality input by using the hand’s pose as an estimate to
derive the object being held. In this paper, we further this concept by introducing Haplets:
small, wireless and wearable haptic actuators. Each Haplet is a self-contained unit that
consists of the bare minimum required to render vibrotactile stimulus wirelessly: a linear
resonant actuator (LRA), a motor driver, a wireless system-on-a-chip (SoC), and a battery.
Haplets are worn on the dorsal side of the finger and fingernail, and have a footprint small
enough that the hands can still be tracked using computer vision methods. Combined with
a believable simulation for rendering vibrotactile feedback in VR, Haplets can be used to
augment the sensation of manipulation, textures and stiffness for bare hands while still
maintaining the ability to pick up and handle everyday objects outside the virtual space.
With a tool held in the hand, Haplets can render haptic effects to emulate the sensations
when the tool interacts with the virtual environment. We use Haplets as an exploration
platform towards building low-encumbrance, wearable haptic feedback devices for virtual

and augmented reality.

The rest of this paper is organized as follows: first, in section[5.2] we describe the hardware
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for each Haplet and engineering choices made for each component, including our low-latency
wireless communication scheme. We then briefly cover the characterization efforts for the
haptic actuator (the LRA). Then, we cover our software efforts in creating a physically-
believable virtual environment that drives our haptic experiences, including physics-driven
virtual hands and augmented physical tools. In section |5.3], we cover a small user study to
highlight one use case of Haplets and explore the practicality of Haplets in a virtual reality
scenario. In section [5.4) we demonstrate other use cases for Haplets in virtual or augmented
reality environment such as manipulation, texture discrimination, and painting with tools.
Finally, in section [5.5], we discuss our engineering efforts and the results of our user study,

and provide insight for shortcomings and potential future work.

5.2 DMaterials and Methods

Haplets can be thought of as distributed wireless wearable haptic actuators. As mentioned
previously, each Haplet consists of the bare minimum required to render haptic effects: an
LRA, a motor driver, a wireless SoC, and a battery (Figure ) We minimized the footprint
so that Haplets, aside from our target area of the finger, can be worn on other parts of the
body such as the wrist, arms, or face, or integrated into other, larger systems. Haplets
is designed to be able to drive other voice-coil based actuators such as voice coil motors

(VCMs), eccentric rotating mass (ERM) actuators, and small brushed DC motors, as well.

5.2.1 Finger-mounted Hardware

The core electronic components of each Haplet, as shown in Figure [5.1]A, are contained
within one side of 13.7 mm by 16.6 mm PCB, while the other side of the PCB is a coin
cell socket. We use a BC832 wireless module (Fanstel) that consists of a nRF52832 SoC
(Nordic Semiconductor) and an integrated radio antenna. The motor driver for the LRA is
a DRV8838 (Texas Instruments), which is chosen for its high frequency, non-audible, pulse
width modulation limit (at 250 kHz) and versatile voltage input range (from 0 to 11 V). The
PCB also consists of a J-Link programming and debug port, light emitting diode (LED),
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and two tactile buttons for resetting the device and entering device firmware upgrade (DFU)
mode. The DFU mode is used for programming Haplets over a Bluetooth connection. The
coin cell we use is a Lithium-ion CP1254 (Varta), measuring 12 mm in diameter by 5.4 mm
in height, which is chosen for its high current output (120 mA) and high power density. In
our tests, Haplets can be used for up to 3 hours of typical usage and the batteries can be
quickly replaced. The total weight of one Haplet unit, including the LRA, is 5.2 grams.

We imagine Haplets as a wearable device, therefore Haplets must be able to be donned
and doffed with minimal effort. To achieve this, we use 3D printed nail covers with embedded
magnets, as shown in Figure 5.IB, to attach the LRA to the fingernail. The nail covers are
small, lightweight, and can be attached to the fingernail using double-sided adhesive. Each
cover has a concave curvature that corresponds to each fingernail. The Haplets’ PCB is
attached to the dorsal side of the middle phalanx using silicone-based, repositionable double-
sided adhesive tape. In our user studies and demonstrations, we place the Haplets on the

thumb, index finger and middle finger of the right hand, as shown in Figure |5.1|C.

5.2.2  Low-latency Wireless Communication

Since we target the fingers, we desire to reduce the latency from visual perception to tactile
perception as much as possible, especially when considering the mechanical time constant of
the LRA[]. Although Bluetooth Low Energy (BLE) is commonplace and readily available in
most systems with a wireless interface, the overall latency can vary from device to device. We
therefore opted to use Enhanced Shock Burst (ESB)EI, a proprietary radio protocol developed
by Nordic Semiconductor, for our devices instead. ESB enables up to eight primary trans-
mittersﬂ to communicate with a primary receiver. In our implementation, each Haplet is a

primary transmitter that sends a small packet at a fixed interval to a host microcontroller,

"https://www.vibration-motor.com/wp-content/uploads/2019/05/G1040003D.pdf
Zhttps://developer.nordicsemi.com/nRF_Connect_SDK/doc/latest/nrf/ug_esb.html

3Tt is worth noting that although this suggests that a maximum of eight Haplets can be communicating
with one host microcontroller at once, there exists techniques such as radio time-slot synchronization
similar to those used in Bluetooth that can increase the number of concurrent transmitters to 20.


https://www.vibration-motor.com/wp-content/uploads/2019/05/G1040003D.pdf
https://developer.nordicsemi.com/nRF_Connect_SDK/doc/latest/nrf/ug_esb.html
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a primary receiver, which is another SoC that is connected to a VR headset, smartphone or
PC (Figure ) Commands for each Haplet are sent in return along with the acknowledge
(ACK) packet from the host device to the Haplets. If each Haplet transmits at an interval of
4 milliseconds, then ideally the maximum latency will be slightly over 4 milliseconds when
accounting for radio transmission times for the ACK packet.

Since Haplets transmit at a high frequency (every 4 ms or 250 Hz), there is a high
chance of collisions between multiple units. We mitigate this by employing a simple time-slot
synchronization scheme between the Haplets and the host microcontroller where each Haplet
must transmit in its own predefined 500 microsecond timeslot. The host microcontroller
keeps a 250 Hz clock and a microsecond counter that resets every tick of the 250 Hz clock.
The counter value from the host is transmitted along with the command packets and each
Haplet then uses the counter value to adjust its next transmitting interval to correct itself.
For instance, if a Haplet receives a counter value of 750 microseconds and its timeslot is at
1000 microseconds, it will delay its next round of transmission by 250 microseconds or 4250
microseconds in total, after the correction, it will transmit at the usual 4000 microsecond
interval until another correction is needed.

One drawback of our implementation, as we use a proprietary radio protocol, is we
cannot use the built-in Bluetooth capabilities of host devices (i.e. VR headsets or PC) to
communicate with Haplets. Therefore, we use a nRF52840 SoC (Nordic Semiconductor)
as a host microcontroller that communicates with the host device through a wired USB
connection. In order to minimize the end-to-end latency, we use the Human Interface Device
(HID) class for our USB connection. The benefits are two-fold: 1. HID has a typical
latency of 1 millisecond and 2. HID is compatible out-of-the-box with most modern hardware
including both Windows and Unix-based PCs, standalone VR headsets such as the Oculus
Quest, and most Android-based devices [106].

We briefly tested the communication latency of our system by running a test program
that sends command packets over HID to our host microcontroller to three Haplets at 90

Hz — this frequency is chosen to simulate the typical framerate for VR applications. Two
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digital output pins, one from a Haplet and one from the host microcontroller, were connected
to a logic analyzer. The Haplet’s output pin toggles when a packet is received and the host
microcontroller’s output pin toggles when a HID packet is received. Therefore, latency here
is defined by the interval of the time a command is received from the host device (PC) to
the time the Haplet receives the command. We found that with three Haplets receiving
commands simultaneously, the median latency is 1.50 ms over 10 seconds, with a maximum
latency of 3.60 ms during our testing window. A plot of the latency over the time period
is shown in Figure along with an excerpt of captured packet times with the timeslot
correction in use in Figure[5.2C. It should be noted that the test was done in ideal conditions

where no packets were lost and the Haplets are in close proximity with the host controller.
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Figure 5.2: Haplets’ low-latency wireless communication architecture. (A) Each Haplet
communicates using the Enhanced ShockBurst (ESB) protocol with a host microcontroller
that receives command from a host device using USB HID. Commands are updated at the
rate of 250 Hz. (B) Latency, as defined by the time the host microcontroller receives a
command from the host device to the time a Haplet receives the command, is shown over a
10 second interval. The maximum latency and median latency is 3.60 milliseconds and 1.50
milliseconds, respectively. (C) Events received from our logic analyzer showing our timeslot
algorithm momentarily adjusting the period for sending packets over ESB to prevent radio

collisions between Haplets.
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5.2.8  Vibration Amplitude Compensation

Haplet’s LRA is an off-the-shelf G1040003D 10 mm LRA module (Jinlong Machinery &
Electronics, Inc.). The module has a resonant frequency at 170 Hz and is designed to
be used at that frequency, however, since the LRA is placed in such close proximity to
the skin, we observed that frequencies as low as 50 Hz at high amplitudes were just as
salient as those closer to the resonant frequency at lower amplitudes. Lower frequencies are
important for rendering rough textures, pressure, and softness [71, [I§] and a wide range
of frequency is required for rendering realistic textures [33]. Thus, we performed simple
characterization in order to compensate for the output of the LRA at frequencies outside the
resonant frequency range, from 50 Hz to 250 Hz. Figure[5.3C shows the output response of the
LRA as supplied by the manufacturer when compared to our own characterization using the
characterization jig in Figure (as suggested by the Haptics Industry Forumﬁ), and when
characterized on the fingertips (Figure ) The acceleration output was recorded using a
micro-electromechanical-based inertial measurement unit (MEMs-based IMU) (ICM42688,
TDK) on a 6.4 mm by 10.2 mm, 0.8 mm thick PCB connected to a specialized Haplet via
an I2C connection through a flat flex ribbon cable (FFC). The specialized Haplet streams
readings from the IMU at 1000 Hz to the host device for recording on a PC. We found that
when using the compensation profile derived from our characterization jig (Figure )
on the fingernail, the output at higher frequencies were severely overcompensated for and
provided uncomfortable levels of vibration. However, when characterization was performed
at the target site (the fingertips), with the IMU attached on the fingerpad, the resulting
output amplitudes after compensation were subjectively pleasant and more consistent to our
expectations.

Characterization was performed by rendering sine wave vibrations at frequencies ranging
from 50 Hz to 250 Hz in 10 Hz increments and at amplitudes ranging from 0.04 V to 1.9 V

(peak-to-peak) in 0.2 V increments with a duration of 0.5 seconds. Acceleration data was

4High Definition Inertial Vibration Actuator Performance Specification https://github.com/
HapticsIF/HDActuatorSpec


https://github.com/HapticsIF/HDActuatorSpec
https://github.com/HapticsIF/HDActuatorSpec
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sampled and collected at 1000 Hz during the vibration interval. A total of 5 repetitions of
the frequency and amplitude sweeps were performed. The resulting amplitude is the mean
of the maximum measured amplitude of each repetition for each combination of frequency
and amplitude, as presented in Figure [5.3D. The output compensation is then calculated
first by fitting a linear model for each frequency’s response, amplitude = z;V. Then, the
inverse of the model is used with the input being the desired acceleration amplitude, in
m/s?, and the output being the voltage for achieving that acceleration. Frequencies outside
the characterized models are linearly interpolated. The results from our compensation on a
subset of the characterized frequencies, along with frequencies outside of the characterization
intervals, is shown in Figure [5.3[E. We use the same compensation profile for every instance

of haptic rendering throughout this paper.

5.2.4  Virtual Environment

Our haptic hardware is only one part of our system. Robust software that can create com-
pelling visuals and audio as well as believable and responsive haptic effects is equally im-
portant. In this paper, we build up a software framework using the Unity game engine to
create our virtual environments as described in the following sections. Our entire system is
run locally on the Oculus Quest 2 and is completely standalone: requiring only the headset,

our USB-connected host microcontroller and the Haplets themselves.

Haptic Rendering

Haplets are commanded to render sine wave vibrations using packets that describe the sine
wave frequency, amplitude and duration. Each vibration becomes a building block for haptic
effects and are designed to be either used as a single event or chained together for complex
effects. For example, a small “click” that resembles a click on a trackpad can be commanded
as a 10 millisecond, 170 Hz vibration with an amplitude of 0.2 m/s?. To render textures,
short pulses of varying frequencies and amplitudes are chained together in rapid succession.

Due to the low-latency, haptic effects can be dynamic and responsive to the environment.
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Figure 5.3: Haplets under characterization are shown and their resulting plots. (A) The
characterization jig used for characterizing a Haplet’s LRA. The jig is hung using two threads
from a solid foundation. A special Haplet with an IMU is used to record the accelerations
resulting from the LRA’s inputs. (B) The characterization results from the jig closely resem-
bles the characterization derived from the LRA’s datasheet, however, the characterization
results when the LRA is placed on a fingernail is substantially different. (C) The same de-
vices used in the characterization jig are placed on the fingernail and fingerpads to perform
LRA characterization at the fingertips. (D) Results from characterization at the fingertip
at various frequencies. (E) After compensating for reduced amplitude outputs using the
model derived from characterization, commanded amplitudes, now in m/s?, closely match

the output amplitude.

Examples of interactions that highlight the responsiveness of such a low-latency system are

presented in the following sections.



85

Physics-Driven Hands

The user’s hands in our environment are physically simulated using NVIDIA PhysX Articu-
lations system for robotics[] Articulations are abstracted as ArticulationBodies in the Unity
game engine. This system enables robust hand-object manipulations and believable response
towards other rigid bodies in the scene, such as pushing, prodding, and throwing. The fingers
are a series of linkages connected using either 1, 2, or 3 degree of freedom revolute joints with
joint limits similar to that of a human hand [24]. The wrist is connected to the tracked posi-
tion of actual wrist using a 3 degree of freedom prismatic joint. As a result, pseudo-haptics
[79] is readily available as part of the system, meaning that users must extend their limbs
further than what is seen in response to a larger force being applied to the virtual hands.
This is also known as the pseudo-haptic weight illusion [120] or the god object model [164].
For higher fidelity, we set our simulation time step to 5 ms and use the high frequency hand

tracking (60 Hz) mode on the Oculus Quest 2. A demonstration of the system is described
in Figure [5.4]

We take advantage of the robust physics simulation and low-latency communication to
render haptic effects. A collision event that occurs between a finger and an object is rendered
as a short 10 ms burst of vibration with an amplitude scaled to the amount of impulse force.
Each object also has unique haptic properties: the frequency of vibration during impact with
fingers and the frequency of vibration during fingers sliding across the object. For instance, a
wooden surface with high friction would have a sliding frequency of 170 Hz and a rubber-like
surface with lower friction would have a sliding frequency of 200 Hz. Additionally, as both

our objects and fingers have friction, when a finger glides across a surface, the stick-slip

phenomenon can be observed both visually and through haptic feedback (Figure & B).

Shttps://gameworksdocs.nvidia.com/PhysX/4.0/documentation/PhysXGuide/Manual/
Articulations.html


https://gameworksdocs.nvidia.com/PhysX/4.0/documentation/PhysXGuide/Manual/Articulations.html
https://gameworksdocs.nvidia.com/PhysX/4.0/documentation/PhysXGuide/Manual/Articulations.html
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Figure 5.4: Physics-driven hands. (A) Physics-driven hands shown in the following scenarios
from left to right: (1) When pressing against a stationary object the physics-driven fingers
conform along the object’s curvature while respecting joint limits. (2) When pressing on
a button with a spring-like stiffness, the fingers do not buckle under the constraints. The
whole hand is also offset according to the force resisting the hand, resulting in a pseudo-
haptic illusion. (3) When grasping and lifting objects, the fingers respect the geometry of the
object and conform along the shape of the object. Gravity acting on the object and inertia
also dictates the pseudo-haptic illusion. (B) A diagram showing the articulated bodies and
their respective joints. (The hand’s base skeleton is identical to the OVRHand skeleton
provided with the Oculus Integration SDK)

Tools

With the fingerpads free to grasp and hold actual objects, we augment the presence of
handheld tools using visual and haptic feedback.

First, we detect the tool being held in the hand using a technique similar to template
matching, as presented in GripMarks [162]. Each tool has a unique pose of the hand, such
as the pose when holding a pen or the pose when holding a spray bottle (Figure , which
is stored a set of joint angles for every joint of the hand. Our algorithm then compares each

tool’s predefined pose to the current user’s pose using the Pearson correlation coefficient in
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Figure 5.5: Haptic rendering output, shown as waveforms, during a time window of interac-
tion in the following scenarios: (A) dragging fingers across wood, (B) dragging fingers across
smooth plastic, (C) picking up and letting go of a plastic toy, (D) pressing a button, and (E)

prodding two similar spheres with different masses.
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a sliding 120 frame window. If 80% of frames in the window contains a pose with over a
coefficient over 0.9, then it is deemed that the tool is being held in the user’s hand. To
“release” a tool, the user would simply open their hand fully for 1 second (Figure . Any
tool can now be altered in shape and experience both visually and through haptics through
the headset. For instance, the user can physically hold a pen but in a pose akin to holding
a hammer, and in their VR environment, they would see and feel as if they are holding a
hammer. Additionally, since our algorithm relies only on the hand’s pose, an actual tool
does not have to be physically held by the user’s hand, we also explore this in our user study

in the following sections.
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Figure 5.6: An illustration of the tool activation system. The user starts with an open hand
and holds the desired pose for each tool for 1 second. The user can also hold a physical
proxy of the tool in the hand. After 1 second, a tool is visually rendered in the virtual hands
and the haptic rendering system augments any interaction of the tool with environment. To
release a tool, the user fully opens their hand for 1 second. Switching between tools requires

the user to release the current tool first.

When a tool is detected, the tool is visually rendered attached to the hand. In our physics
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simulation, the tool’s rigid body is attached to the wrist’s ArticulationBody and thus the
tool can respond dynamically to the environment as if the tool and the hands are a single
object, maintaining the same pseudo-haptic capabilities as presented in the previous sections.
The physically held tools provide passive haptic feedback in the form of pressure and familiar
grounding while Haplets can be used to render vibrotactile feedback to augment the presence
of the held tool in response to the virtual environment. Three examples of haptic rendering

schemes for tools are presented in Figure [5.7]

(A)

Middle iw{l]“[lmIHINNHl”lmmllillt‘llllI||||”||"|“"mmm“'
ol
s s

2 seconds

Index lwm

(B)

Lighter Object Heavier Object

Middle ‘M 1

index (1) ‘M 2)

Thumb ‘M 1

2 seconds

(C)

Middle Werrrrererrrer e

index - Wl WL T VLV EERLEEL Y

Thumb Werrrrererrvrr e

2 seconds

Figure 5.7: Haptic rendering output, shown as waveforms, during a time window of tool
interaction in the following scenarios: (A) when drawing with the pen tool, (B) when striking
objects of different weights with the hammer tool, (C) when spraying paint using the spray

painting tool.
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5.3 User Study

In this section, we introduce a sketching user study to evaluate the feasibility of using Haplets
in a productivity scenario. We chose a sketching task because it encompasses the main
concepts introduced in this paper: 1) a physical tool (a pen) is held by the user, thus allowing
Haplets to augment the tool with vibrotactile haptics, 2) upon the pen contacting with a
surface and while drawing, Haplets renders impacts and textures, and 3) physics-driven
hands and tools respond to the sketching environment, introducing pseudo-haptic force and
friction. The main task is loosely based on VRSketchPen [29] where the user would trace
a shape shown on a flat canvas. With a simulated pressure sensitive pen, users would need
to maintain a precise distance from the canvas in order to draw a line that matches the line
thickness of the provided guide. We hypothesize that with Haplets providing vibrotactile
feedback, users would be able to draw lines closer to the target thickness. In addition to
the sketching task, after the end of the session, the user is presented with a manipulation
sandbox for them to explore the remaining modalities that Haplets has to offer such as
texture discrimination, object manipulation, and pseudo-haptic weight. The details for this

sandbox is described in section B.4.1]

5.3.1 FExperimental Setup

We recruited 8 right-handed participants (2 females, aged 22-46, mean = 32.75, SD = 7.44)
to participate in the study. Proper social distancing and proactive disinfection according to
local guidance was maintained at all times and the study was mostly self-guided through
prompts in the VR environment. The study was approved by our institution’s IRB and
participants gave informed consent. Participants were first seated and started by donning
three Haplets on the thumb, index and middle fingers of their right hand. Then they donned
an Oculus Quest 2 headset. Participants then picked up a physical pen and held it in their
left hand using the headset’s AR Passthrough mode, then a standalone VR Unity application

was launched. All experiments were run and logged locally on the headset. All interactions



91

in VR were done using on-device hand tracking [41].

The VR environment consists of a single desktop with a large canvas, as shown in Figure
.8l The canvas is used to present instructions, questions and the actual tracing task. Par-
ticipants were first instructed to hold the physical pen in their right hand, which will also
create a virtual pen in their hand using the tool detection system presented in the previous
section. The participant uses the pen to interact with most elements in the environment

including pressing buttons and drawing.
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Figure 5.8: An overview of the user study environment: (A) An adjustable floating desk is
presented to the user along with a canvas. The canvas contains template for the user to trace
with along with an indicator for the remaining time in each repetition. The canvas can also
present buttons for the user to indicate that they’re done with the drawing or answers to
questions. (B) Three shapes are used in the user study: a circle, a square and an outline of a
hand. Participants start tracing at the green line section and end at the red line section. (C)
A plot of the line width that results from how deep the users actual hand is penetrating the
surface of the canvas. Participants must aim for the 5 mm line width which corresponds to
a 10 mm depth. Vibrotactile feedback is provided as shown in Figure 5.7A. (D) An example

of the participant’s view captured from the headset during a trial.

The main task consists of participants tracing three shapes with the virtual pen: a square,



92

a circle and a hand, as shown in Figure The shapes are presented in a randomized order
and each shape is given 15 seconds to complete. The virtual pen is pressure sensitive and
the lines the users draw vary in thickness depending on how hard the user is pressing against
the canvas — we simulate this using our physically simulated hands, which means that the
further the user’s real hands interpenetrates the canvas, the thicker the line will be. The
target thickness for all shapes is 5 mm. Lines are rendered in VR using the Shapes real-time

vector library [}

When drawing, for every 2.5 mm the pen has traveled on the canvas, Haplets render a
vibration for 10 ms at 170 Hz with an amplitude that is mapped to how much virtual force
is exerted on the canvas. Since the amount of force is also proportional to the line width,
the amplitude of vibration is also mapped to the line width, as shown in Figure [5.8C. In
other words, the pen and Haplets emulates the sensation of drawing on a rough surface and
the pressure is represented as the strength of vibration. An example of the haptic rendering

scheme’s output is shown in Figure [5.7A.

Participants first perform 12 trials in a training phase to get familiar with the task where
they would hold a physical pen but would not receive haptic feedback. Participants then
performed 2 sets of 36 trials (12 of each shape per set) with or without holding the physical
pen in their hand, totaling 72 trials. We balance the order of this throughout our participants
to account for any order effects. Half of the 36 trials in each set have the Haplets turned
off, presented in a randomized order. In summary, participants are given 2 conditions for
either holding or not holding the pen and 2 conditions for either having or not having haptic
feedback. After each set of trials, they are presented with a short questionnaire. After all
trials have concluded, the participant is given a short demo of other capabilities of Haplets,

as described in the following sections.

For each trial, we collected the line thickness for every line segment, the coordinates along

each line segment, and the time it took to complete the drawing. Through post-processing,

6Shapes by Freya Holmér https://acegikmo.com/shapes


https://acegikmo.com/shapes

93

we calculate the mean line thickness for each trial, the mean drawing speed and the mean

2D error from the given guide.

5.3.2 Results

We performed a two-way repeated measures analysis of variance (ANOVA) for each inde-
pendent variable: line thickness, drawing speed and drawing error with two within-subject
factors: with or without haptic feedback, and with or without a physical pen held. Our
analysis, as presented in Figure [5.9] revealed main effects for haptic feedback for line thick-
ness (F(1,7)=15.82, p<0.01), drawing speed (F(1,7)=10.75, p<0.02), and drawing error
(F(1,7)=14.24, p<0.01), but non-significance for the physical pen conditions nor the in-
teractions between factors. Pairwise t-tests between the haptic and non-haptic conditions
for each independent variable confirmed significance in line thickness (p<0.001), drawing

speed (p<0.001), and drawing error (p=0.001).
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Figure 5.9: Results from the user study: (A) Participants draw lines that are closer to the
target thickness (5 mm) with haptic feedback. (B) Users slow down significantly when haptic
feedback is provided. (C) Users produce less 2D error when drawing with haptic feedback.

For line thickness, we can observe that participants can rely on the haptic feedback for

guidance and draw lines that are closer to the guide’s thickness, with an mean error across
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subjects of 1.58 mm with haptic feedback and 2.68 mm without haptic feedback. Having a
physical pen in the hand seems to negatively impact the line thickness, we attribute this to
the deteriorated tracking accuracy when the physical pen occludes parts of the tracked fingers
— a limitation of our particular setup. We confirmed this by observing video recordings of
the sessions, where we could correspond moments of large line width variations to temporary
losses of hand tracking (indicated by malformed hand rendering or hand disappearance). We
can also observe that participants slow down significantly when haptic feedback is provided.
We hypothesize that participants were actively using the haptic feedback to guide their
strokes. The reduced drawing error is most likely to be influenced directly by the reduced

speed of drawing.

When interviewed during a debriefing session after the experiment, two participants (P3
& P5) noted that they “forgot [the Haplets] were there”. Some participants (P1, P3 & P8)
preferred having the physical pen in their hands, while other participants (P2 & P7) did
not. One participant (P7) suggests that they were more used to using smaller styli and thus
preferred not having the larger pen when using a virtual canvas. Another participant (P6)
noted that they felt the presence of the physical pen even after it has been removed from

their hands.

From our questionnaire (Figure , we can observe that participants had a reasonable
amount of body ownership (Q1) and agency (Q2, Q3). Having a physical pen in their hands
did not seem to alter the experience of drawing on a virtual canvas (Q4, Q7). However, the
presence of holding a virtual pen in VR seems to be positively impacted by having active

haptic rendering (from the Haplets) along with the passive haptic feedback from holding a
physical pen (Q5, Q6).

5.4 Demonstration

We built demonstrations for highlighting two potential use-cases for Haplets: 1. manipulation

in AR/VR and 2. a painting application that uses our tool system.
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Q1: |t felt as if the virtual hands were my hands

With Physical Pen

No Physical Pen -
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Figure 5.10: Results from the questionnaire provided during the end of each set of trials

5.4.1  Manipulation Sandbox

The manipulation sandbox is a demonstration presented to participants at the end of our
user study. The user is presented with a desk with several objects and widgets, as shown in

Figure [5.11}

The top-left corner of the desk consists of two squares with two different textures. The left

square represents a smooth, black, plastic surface and the right square represents a grainy,
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Solid, heavy block

Soft block Heavy ball

Light block

Smooth plastic

Lightball
Gravity: On Tools: On

Buttons

Figure 5.11: After the user study concludes, participants are presented with a desk with
various objects to interact with. From left to right: a smooth plastic square, a rough wooden
square, a lightweight orange block, a soft green block, a heavy blue block, a rubber ducky
(solid), a heavy tethered ball, a lightweight tethered ball. Participants can use the lower
right buttons to toggle the use of tools and toggle gravity on and off. Each object responds
with haptic feedback as shown in Figure [5.5 and [5.7]

wooden surface. The smooth surface has a low coefficient of friction of 0.1 while the rough
surface has a high coefficient of friction of 1.0. When the user runs their fingers across each
surface, the haptics system renders different frequencies for each texture, at 200 Hz and 100
Hz, respectively. Each vibration is generated after the fingertips have traveled at least 2.5
mm, similarly to the pen’s haptic rendering scheme presented in the previous section. Since
the wooden texture has higher friction, the user’s finger will stick and slip, rendering both
visually and through haptics, the sensation of a rough surface. An example of the surfaces’
haptic rendering system in use is shown in Figure & B.5B.

Towards the center of the desk are three cubes with varying densities. The user can either
pick up or prod the cubes to figure out which cube is lighter or heavier than the others. When
prodded at, visually, the lighter cube will slide while and heavier cube will topple. When
picked up, the lighter cube will render a lower control-display ratio (pseudo-haptic weight
illusion) than the heavier cubes. Each cube also responds to touch differently. The lighter

cube will render a vibration of 100 Hz upon touch, to simulate a softer texture, while the
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heavier cube will render a vibration of 200 Hz to simulate contact with a dense object.
Held cubes can also be tapped against the desk, and similar vibrations will be rendered
upon impact. Upon release, Haplets will render a smaller amplitude vibration of the same
frequency. A rubber duck is also presented nearby, with similar properties to the cubes. An
example of the haptic rendering output is shown in Figure [5.5

Towards the right of the desk are two buttons: one for toggling gravity on and off and
another for toggling the tool system on and off. The button responds to initial touch using
the same system as other objects but emit a sharp click (170 Hz, 20 ms) when depressed a
certain amount to signal that the button has activated. If the user turns the tool system off,
tools will not be created when a pose is recognized. The buttons’ haptic rendering scheme
is shown in Figure [5.5D.

When the tool system is active, users can create a hammer in their hand by holding the
“thumbs-up” pose (see Figure . The hammer can be used to tap and knock the items on
the desk around. The hammer’s haptic system is similar to the fingertips, where each object
responds with different frequencies depending on pre-set properties and different amplitudes
depending on how much reaction force is generated when the hammer strikes the object.
All three Haplets will vibrate upon hammer strikes under the assumption that the user is
holding the hammer with all three fingers. Additionally, a lower frequency reverberation is
also rendered immediately after the initial impact in order to emulate stiffness. An example

of the haptic rendering scheme for the hammer is shown in Figure [5.7B.

5.4.2  Painting

Our painting demonstration, as shown in Figure is designed to highlight the use of
our tool system. A desk with a large, gray duck sculpture is presented to the user. The
sculpture can be rotated using the user’s bare hands. The user can use three tools during
the demonstration: a spray bottle, a pen and a hammer. Each tool is placed in the user’s
hand when they produce the correct pose, as shown in Figure [5.6] The lower right corner of

the desk contains a palette of five colors: the user can tap the tool on the color to switch
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the tool to operate with that color.

Pen tool

[
< Spray bottle ‘
tool - “+¥
\ Color selection

Figure 5.12: The painting application highlights the use of haptic feedback to enhance the

Hammer tool

experience of using otherwise passive tools in the hand. Shown are four interactions overlaid
from left to right: using the hammer tool to adjust the sculpture’s geometry, using the pen
tool to draw on the sculpture, using the spray bottle to spray paint on the sculpture, and
selecting colors by tapping the tools on the swatches provided. Haptic feedback provided by
the tools is visualized in Figure

The spray bottle is used to quickly paint the duck sculpture. As the user presses down
on the bottle’s nozzle, a small click is rendered on the index finger Haplet. When the nozzle
is engaged and the tool is producing paint, all three Haplets pulse periodically with an
amplitude that corresponds to how much the nozzle is depressed. An example of the haptic
rendering output is shown in Figure [5.7(C. Paint is deposited onto the sculpture similar in
behavior to spray painting.

The pen is used to mark fine lines on the sculpture. The haptic rendering scheme is
identical to that of the pen described in the user study, where all three Haplets render
vibrations with amplitudes that correspond to the depth of penetration and line width.

The hammer is used to modify the sculpture by creating indentations. The sculpture’s

mesh is modified in response to the reaction force caused by strikes of the hammer. Haptic
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feedback for the hammer is similar to that presented in the previous section (Figure [5.7B).
5.5 Discussion

Haplets introduces a wireless, finger-mounted haptic display for for AR and VR that leaves
the user’s fingertip free to interact with real-world objects, while providing responsive vibro-
tactile haptic rendering. Each Haplet is a self-contained unit with a footprint small enough
to fit on the back of the fingers and fingernail. We also present an engineering solution to
achieve low-latency wireless communication that adds haptic rendering to various use cases
in VR such as manipulation, texture rendering, and tool usage. Our simulation system for
physics-driven virtual hands complements our haptic rendering system by providing pseudo-
haptics, robust manipulation, and realistic friction. With a real-world tool held in the hand,
Haplets render vibrotactile feedback along with visuals from our simulation system to aug-
ment the presence of the tool. Our user study and demonstrations show that Haplets is a
feasible solution for a low-encumbrance haptic device.

Although Haplets exclusively provide vibrotactile feedback, we have introduced several
engineering efforts to maximize the rendering capabilities of our haptic actuator, the LRA.
Our brief characterization of the LRA shows that LRAs can be used at frequencies outside
the resonant frequency when properly compensated for. Furthermore, our characterization
also shows that the material (or body part) on which the actuator is mounted on to can
cause the output of the actuator to vary significantly and therefore needs to be characterized
for the intended location of the actuator. Our low-latency wireless communication also helps
minimize the total latency from visual stimuli to tactile stimuli, which is especially useful
when considering the inherent mechanical time delay for LRAs.

Our user study and subjective feedback from the demonstrations have shown that Haplets
and the current framework do provide adequate haptic feedback for the given tasks and
experiences. However, the human hand can sense much more than simple vibrations such as
the sensation of shear force, normal force, and temperature. We address this shortcoming

by introducing believable visuals in the form of physics-driven hands, and make up for the
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lack of force rendering by introducing passive haptic feedback in the form of tools. Our low-
latency solution enables impacts, touch and textures to be rendered responsively according
to the simulation and visuals. Furthermore, we have yet to fully explore the voice coil-
like rendering capabilities of the haptic actuator (LRA). Therefore, our immediate future
improvement to our system is the ability to directly stream waveform data to the device.
This will enable the ability to render arbitrary waveforms on the LRAs or VCMs which can
be used to render highly realistic textures [I2] or the use of audio-based tools for authoring

haptic effects [54, [99].

Our implementation of passive haptic feedback for tools uses a pen for physical grounding
of the fingers, which provides adequate grounding for a number of tasks. Inertial cues that
provide the sense of weight to the pen are presented using pseudo-haptic weight. [127] have
shown that VR controllers with reconfigurable shapes can provide realistic haptic cues for
inertia and grounding. Therefore, a potential venue for future work is the use of Haplets
in conjunction with actual tools (e.g. holding an actual hammer or an actual spray can) or
reconfigurable controllers, which would not only provide realistic grips and inertia but also
additional haptic feedback that the tool may provide such as depressing the nozzle of a spray
bottle.

For other potential future work, our framework provides a foundation for building wear-
able haptic devices which are not necessarily limited to the fingers. In its current form,
Haplets can be placed on other parts of the body with minimal adjustments for rapid proto-
typing haptic devices, such as the forearm, temple, and thighs [22, 129, 118| 08]. With some
modifications, namely to the number of motor drivers and firmware, Haplets can also be used
for rendering a larger number of vibrotactile actuators at once, which could be used to create
haptic displays around the wrist or on the forearm. Furthermore, our motor drivers are not
limited to driving vibrotactile actuators, skin stretch and normal force can be rendered with

additional hardware and DC motors [106].
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5.6 Conclusion

We have introduced Haplets as a wearable haptic device for fingers in VR that is low en-
cumbrance. Haplets can augment the presence of virtual hands in VR and we strengthen
that further with physics-driven hands that respond to the virtual environment. We have
also introduced an engineering solution for achieving low-latency wireless haptic rendering.
Our user study and demonstration shows that Haplets have potential in improving hand and
tool-based VR experiences. Our system as a whole provides a framework for prototyping
haptic experiences in AR and VR and our immediate future work is exploring more use cases

for Haplets.
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Chapter 6

ACTUALLY ACTIVE ELECTRODES: PNEUMATICALLY
ACTUATED ELECTRODES FOR EMG-BASED
INTERACTION IN VIRTUAL REALITY

Pornthep Preechayasomboon, Eric RombokagT

1 Mechanical Engineering, University of Washington

6.1 Introduction

Surface electromyography (surface EMG or sEMG) has long been used as a measure of
the intent of the underlying muscles in the limb. Their most prominent use has been for
medical diagnostics and prosthetics [86]. More recently, surface EMG has shown potential to
becoming used as an input modality [60], or at least a supplement to other input modalities,
for virtual reality (VR), augmented reality (AR) [72], and general human-machine interaction
[130] or human-computer interaction [43]. For AR and VR, most have targeted decoding the
actual pose of the hand from EMG on the wrist or forearm [77, 84], while others incorporate
force exertion [13, [68], 117] or intent [115] 2§].

Using hands is one of the most intuitive input modalities for AR and VR as hands are one
of the most dexterous tools humans naturally possess. Tracking the pose of the user’s hand,
also referred to as hand-tracking, is most often used as the form of input where a virtual
hand closely resembling the current pose of the hand is used to interact with elements in
the virtual environment [4I]. The virtual hands can then be used to manipulate objects,
gesture for communication, or interact with interfaces. Hand-tracking is often coupled with
other supporting systems such as pinch-based input [64], physics simulation [§], haptics
[145],130], and pseudo-haptic force illusions (rendering the hand offset from the actual position

depending on force) [2], [120] to help enhance the subjective realism of the virtual environment.
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Figure 6.1: As we use electromyography (EMG) on the forearm as input for virtual reality,

there is a chance that the electrodes conducting the minute signals from the skin to the
device can lose contact with the skin. Our device (right), presents a solution by actively

monitoring and actuating the electrodes to maintain good contact with the skin.
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Hand tracking can be achieved in multiple ways. At the time of writing, the most promi-
nent method is optical, where the pose of hands are extracted from images from cameras
mounted either on an AR or VR headset [41l, [146], a smartphone [38] [7], or a stationary
device [145]. Some methods require multiple infrared cameras [41], while others require
monocular RGB images [38] with a varying amount of accuracy between methods. Other
methods include glove-based tracking [152] [42], magnetic tracking [14], and abstractions of
hand-tracking such as finger tracking from a ring-based device [96]. As mentioned previously,
sEMG has also shown promise to achieve hand-tracking. Research that targets some sem-
blance of the hand such as detecting static gestures [55], or force exertion [82] rely either on
laboratory-grade or medical-grade equipment for achieving the highest quality EMG signal
possible at the cost of bulkiness, or wearable systems such as the Myo Armband or Myo
Armband-like systems that trade signal resolution for long-term wearability [131]. With the
latter being more desirable for consumer use.

The reliance on high signal quality is mainly due to challenges in signal processing as
sEMG signals are miniscule (in the order of millivolts) and prone to external interference and
motion artifacts [86]. In the case of laboratory-grade equipment for signal acquisition, surface
EMG can rely on wet gel electrodes that conduct the minute electrical signals from the skin
to a signal amplifier. These gel electrodes often have adhesives to help maintain the position
and contact of the electrode on the skin. Using dry electrodes is another means of signal
acquisition, which is more preferable due to not requiring gel to aid in signal conduction.
However, dry electrodes may require skin preparation, and have more susceptibility to motion
artifacts and interference artifacts [I53]. These issues are exacerbated when dry electrodes
are part of a wearable device, especially those without adhesives, which have little to no
means of correcting for the loss of contact with the skin. Recent advances in materials,
textiles, signal acquisition methods and soft robotics, have shown improvements in achieving
high signal quality for EMG [93]. Yet, aside from potentially warning the user of poor contact

[50], these dry electrode-based devices have no means of self-correction.

Wearable devices often require flexibility and conformability while maintaining function-
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ality, including wearable devices for SEMG sensing. Recent advances in soft robotics, has
shown that wearable device design can benefit from soft robotic design, fabrication, sensing
and actuation. Most notably, soft robotic actuators have been integrated in soft wearable
haptic displays. Some rely on pneumatic actuation to render local pressure [I55] 3], while
others rely on electrochemical liquid-gas phase transitions [147] or dielectric elastomers [158].
These devices show potential in the ability to actuate elements close to the skin, all while
being soft and conformable to the body’s geometry. Although not commonly studied, some
haptic displays in research have elements that are designed to adjust to achieve better dis-
play performance. One example, PneuSleeve [163], has multiple pneumatic elements that
equalize grounding force when rendering shear forces and user-specific grounding pressures.

In this chapter, we integrate soft robotics into an SEMG system: we present a pneumatic
system that can dynamically adjust the coupling pressure between the surface EMG electrode
and the user’s skin to maintain adequate electrode-skin contact for use as a VR input device.
Our system is comprised of a pneumatic band based on soft robotic bellows actuators and
an EMG armband with dry electrodes. We hypothesize that while using an EMG-based
input modality for VR, the electrical coupling between the EMG electrodes and skin directly
effects the performance of the user and that maintaining a good coupling positively effects
performance. We detail the design, fabrication and characterization of all major elements of
our system. We integrate our system into a virtual reality application for studying how good
and poor electrode contact effects EMG-based input. Lastly, we present a proof-of-concept
prototype of a closed-loop system to maintain adequate electrode contact for EMG using
soft robotic actuators.

We present the following contributions:

1. The design and fabrication of a wireless 8-channel surface EMG device for data collec-

tion and input for AR and VR

2. The fabrication and characterization of novel 3D-printed surface EMG dry electrodes

using consumer-grade 3D printers
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A novel fabrication process for pneumatic bellows using consumer-grade 3D printers

The design and fabrication of a pneumatic forearm-band for dynamically adjusting the

coupling pressure between dry electrodes and skin using bellows actuators

EMG-based modulation for input selection between physical objects and panel inter-

faces in VR

A study on the effects of good and poor electrode contact with the skin on sSEMG-based
input for VR

A dataset of SEMG and hand pose recordings on various conditions of electrode-skin

coupling pressure and activities in VR

A proof-of-concept closed-loop soft robotic system that maintains a good electrode-skin

coupling using sEMG readings as input

Design

In this section, we describe the design and fabrication of several core elements of our sys-

tem: a wireless EMG data acquisition system, 3D-printed dry electrodes for sEMG sensing,

pneumatic bellows actuators and a microblower-based pneumatic system. We combine these

elements into a wearable SEMG armband and wearable pneumatic band that are used to-

gether to study the effects of varying the skin-electrode coupling pressure on sEMG sensing.

6.2.1 EMG System

For the purpose of data collection and use in a real-time system, we developed our own

modular EMG device with 8 bipolar channels based on an off-the-shelf analog front-end

(AFE), the ADS1299 (Texas Instruments). The overall design of the electrical circuit is a

derivative of the OpenBCI Cytor[] and is miniaturized to a 19 by 22 mm footprint. We

"https://github.com/OpenBCI/V3_Hardware_Design_Files


https://github.com/OpenBCI/V3_Hardware_Design_Files
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pair the ADS1299 with an nRF52832 (Nordic Semiconductor) system-on-a-chip (SoC) for
wireless communication. The EMG device can stream 24-bit 8 channel raw analog readings
from the ADS1299 at 1000 Hz to a host device using the wireless Enhanced Shock Burst
(ESB) protocol of the nRF52 SoCs. Our host device, an nRF52840-based USB dongle (Nordic
Semiconductor), can then forward the communication to and from USB connected hardware
such as personal computer running macOS, Windows, Linux or Android, including virtual
and augmented reality headsets like the Quest 2 (Meta). The analog electrical interfaces
of the ADS1299 are exposed via a miniature 20-pin 1.27 mm pitch dual-row header which

enables swapping between various prototypes and form-factors.

3D-Printed Dry Electrodes for sEMG

As mentioned previously, dry electrodes are preferred over wet electrodes for long-term or
everyday use—and we desire to use dry electrodes for our system as well. Most commer-
cially available dry EMG electrodes are not designed for integration into other systems,
therefore, we fabricated our own dry electrodes by 3D-printing electrically conductive carbon-
black infused thermoplastic polyurethane (TPU), specifically PI-ETPU 95-250 Carbon Black
(Palmiga Innovation). PI-ETPU has a Shore A hardness of 95 and is flexible and slightly
elastic. Our round electrodes are 14 mm in diameter and 1.5 mm thick. We embed the ends
of thin electrical wires into the electrodes during printing by pausing printing at a specific
layer height and placing the wires in a small channel, the 3D printer then lays material above
the channel thus entrapping the wire end in the electrode, as shown in Figure [6.2, These

wires are used to connect the electrodes to our EMG system’s ADS1299 AFE.

EMG Armband

We combined our EMG system and 3D-printed electrodes into a wearable armband proto-
type. The EMG armband is constructed from a slightly modified nylon smartwatch strap
where the electrodes are attached onto 3D-printed nodes along the circumference of the strap

(see Figure . Every channels’ electrode is wired directly to the EMG system which is
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Figure 6.2: Dry electrode fabrication process: 1) Electrically conductive TPU is 3D-printed
in the shape of an electrode with a small channel for a stripped wire to be placed into. Two
small guides are also printed to help align the wire’s insulation. The printer is paused. 2)
A 30 AWG stranded wire with silicone insulation is placed and pressed into the channel
manually until flush with the top surface. 3) The printer resumes and electrically conductive
TPU is extruded into channel to seal the stripped portion of the wire in place. 4) Two
additional layers of electrically conductive TPU is printed to form the top surface of the
electrode. 5) The electrode is completed and the guides can be discarded. Adhesive can be

added to secure the insulation of the wire to the 3D printed material.
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attached atop one of the nodes. Once the armband is worn on the forearm, a small 3.7V, 380
mAh Lithium-Polymer battery can be connected and secured onto the band’s hook-and-loop
fabric. In our particular setup, one channel is left exposed as a magnetic connector for con-
nection to a pair of electrodes external to the armband. The armband and battery combined

weighs 61 grams, and is approximately 38 mm wide.

ADS1299 analog front-end
& nRF52832 microcontroller

Li-ion battery

Magnetic connector
for 8th channel

Bias electrode

3D-printed
dry electrodes

Figure 6.3: Our EMG armband prototype. The armband is primarily constructed from a
nylon smartwatch strap fitted with 3D-printed housings for our 3D-printed dry electrodes.
7 channels are positioned along the length of the band with 1 remaining channel (channel 8)
exposed as a magnetic connector. A gold-plated bias electrode is used driving an inverted
common-mode signal comprised of the average from all channels to aid in the reduction of

power-line interference [50].

6.2.2 Actuated Electrodes
Bellows Actuators

We use inflatable bellows actuators (also referred to as just “bellows”) that expand with
air pressure in order to vary the amount of pressure acting on the EMG electrodes on the

forearm. The bellows are a derivative of the actuators from BellowBand [155]. We developed
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a process to manufacture bellows on a consumer-grade 3D printer—without the need for an
industrial heat press or intermediate paper layers. Like BellowBand, the bellows are layers
of thermoplastic polyurethane (TPU) sheet that are sealed together to create expandable
structures. To produce each bellows, we first cut patterns into a TPU sheet using a desktop
cutting machine (Silhouette Cameo 4, Silhouette America) to create individual layers. Then,
the first layer is glued onto the bed of a 3D printer (Prusa MINI, Prusa Resaerch) followed
by placing the next layer on top. The 3D printer then extrudes TPU material (FlexFill
TPU 98A, Fillamentum) to seal the layers together in predefined patterns akin to the heat-
pressed patterns as presented in [I55]. The process is then repeated until the stack-up of
layers is complete. The TPU sheets are then removed from the bed to be post-processed,
where a short 1.1 mm diameter copper tube is inserted into the bellow’s opening and sealed
with ultraviolet-cured cyanoacrylate adhesive (Loctite 4310, Henkel). The entire process
is also illustrated in detail in Figure [6.50 Each bellows actuator is 20 mm in diameter
and approximately 1 mm thick when not inflated. We attach our EMG electrodes to each
bellows actuator using double-sided adhesive as shown in Figure[6.10} A larger, 50 mm wide,

variation of the bellows actuator design is shown in Figure [6.7] and Figure [6.10

Pneumatic Microblower System

Pneumatic systems often rely on large components such as industrial pumps, valves and
manifolds which is often prohibitive for wearable systems. More recently, projects such as
FlowIO [128] have provided open-source, battery-operated pneumatic systems that are com-
pact enough to be wearable. However, at the time of writing, their system is a miniaturization
of the aforementioned components—the pumps, manifolds and valves are still present, only
in a smaller form-factor. Piezoelectric-based microblowers have recently been used in wear-
able blood pressure monitoring devices such as the HeartGuide (OMRON Healthcare). Here,
we developed a pneumatic system based on piezoelectric microblowers that is designed for
general purpose use and an operating range suitable for our bellows actuator.

We use MZB series piezoelectric microblowers (MZB3004T04, Murata Manufacturing)
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Perforations

Figure 6.4: The cut patterns for the 0.15 mm thick TPU sheets is shown. Each pattern
has notches for alignment with a 3D printed guide during fabrication. Perforations are cut
into the sheet in the shape of the final dimensions. After fabrication on the 3D printer, the

patterns can be torn manually along the perforations to achieve the final shape.

for our system. We chose the MZB3004T04 due to its availability from major suppliers and
pressure output envelope. The MZB3004T04 is approximately 19 mm by 21 mm wide and
3.4 mm tall excluding the outlet port. The microblower generates pressure by vibrating
a piezoelectric element at ultrasonic frequencies (21.5 - 24.5 kHz) to push air through an
internal one-way diaphragm, thus building up pressure beyond the diaphragm. The outlet
port can be readily connected to 3 mm inner diameter tubing. As we desired to tightly
control the output pressure of the microblower, we designed and fabricated a 3D-printed
adapter for the outlet port to house a micro pressure sensor (MPR series, Honeywell) and a

smaller 1.25 mm outlet port for 1 mm inner diameter tubing, as shown in Figure

Controller

As each microblower is intended to be modular, we designed a controller circuit board that
can be attached on the flat inlet side of the microblower, as shown in Figure [6.6] The

controller consists of a full-bridge piezo driver (LT3572, Linear Technologies) capable of
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(glue stick)

Figure 6.5: The steps for fabricating bellows actuator using the cut TPU patterns from
Figure is shown. 1) A guide is printed on the print surface with notches to align the
TPU patterns. Adhesive from a glue stick is manually deposited onto the print surface inside
the guide. 2) Patterns A then B are manually placed on the print surface. 3) TPU is printed
in the shape of a ring joining patterns A and B along the ring. This forms the base of the
bellows actuator. 4) Pattern C is placed on top followed by TPU printing in the shape as
shown to join pattern B and C which forms the inlet. 5) Pattern D is placed on top followed
by TPU printing of a small ring joining pattern C and D. This completes the first bellows
actuator and forms the base of the second bellow. 6) Pattern E is placed on top and the final
ring of TPU is printed. This forms the second bellow. 7) The bellows are removed from the
print surface and patterns are manually torn along the perforations. 7) A 1.3 mm diameter
copper tube is inserted into the 2 mm opening at the inlet and a small bead of UV-cured

adhesive is used to pneumatically seal the tube and bellows.
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Teensy 4.0 =

Microblower |
V 4

USB-PD
5V output

Pressure Sensor

Figure 6.6: Our microblower pneumatic system consists of four piezoelectric MZB3004T04
microblowers, each with its own driver, and a Teensy 4.0 microcontroller. Power is supplied

using a USB-PD supply at 5V that is regulated to 3.3V for the drivers’ boost-converter.

driving the microblowers at their maximum voltage rating (19 V) with a built-in boost-
converter supplied with 3.3V and pulse-width modulated (PWM) frequency at 21.5 - 24.5
kHz. A flex PCB is used to connect pressure sensor the controller board and the 12C and
supply is passed through to a 8 pin flat flex cable (FFC) which houses both communication

for the piezo driver, pressure sensor and their respective power supplies.

We connect 4 microblowers and their respective pressure sensors to a microcontroller
(Teensy 4.1, PJRC) in order to control each microblowers’ output pressure. In our use
case, each microblower is connected to a single bellows actuator. We use a proportional-
integral (PI) controller sampled at 200 Hz to control the PWM output of each bellows
using pressure readings from the pressure sensor as input. Each microblower is tuned for
its maximum output performance by setting the PWM frequency nearest to its resonance
frequency (approximately 234+0.5 kHz). The PI controller varies the amount of output
by varying the duty cycle of the PWM frequency. Since the microblowers operate using
the vibrations generated from the PWM frequency, the usable duty cycle is from 0% to
approximately 50% —increasing the duty cycle higher than 50% would start to reduce the
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output instead until no output is generated at 100% as the piezoelectric element is no longer
moving. The microcontroller can then be connected to a device to be controlled via USB

HID, similar to our EMG band.

- $\ \
2 x 20 mm bellows g 1 2 x 3D-printed
1= 7

dry electrodes

=

Long 50 mm
bellow

Figure 6.7: Our pneumatic band for varying the skin-electrode coupling pressure. The band
is constructed primarily from a fabric hook and loop strap. Two bellows actuators with dry
electrodes, forming one channel, is attached at the center of the band. A larger, 50 mm long
bellow, is attached at one end of the band. Together, all 3 bellows actuators can tighten or

release the pneumatic to varying degrees depending on the amount of pressure supplied.

6.3 Characterization

In this section we describe our characterization and validation efforts for two key components
of our system: our 3D-printed dry electrodes and our pneumatic band and its system. Our

efforts here serve as reference for future studies using our systems or subsystems.

6.3.1 EMG FElectrodes

Using the fabrication method described in [6.2.1] we produced a total of 18 3D-printed dry
electrodes which are used for characterization and subsequently in the prototype EMG arm-

band used in the sections that follow. We first measured the resistance of the electrodes by
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subjecting them to a constant normal force loading of 2, 4, and 8 N against a copper strip.
The electrodes have a rough contact surface from the 3D-printing process as it is printed onto
a rough textured sheet. The rough surface is intended to aid in maintaining contact good
electrical contact with human skin by increasing static friction and increasing the overall
surface area. However, when in contact with a smooth, hard surface we hypothesize that
the amount of contact will vary with the amount of normal force applied thus leading to a
decrease in resistance as electrical contact increases when force increases. Our measurements
show that the electrical resistance of our electrodes vary with normal force applied, with a
mean across all electrodes of 1.071 k2 + 513.75 2, 621.17 €2 4+ 280.86 €2, and 355.80 k{2 +
118.20 € for 2, 4, and 8 N of normal force respectively.

Although our electrodes exhibit high variability in their resistance across different elec-
trodes, the electrode-skin impedance has a higher effect on the signal quality [86] and is
up to three orders of magnitude larger than electrode resistance. We performed two brief
experiments to characterize our electrodes: 1) measuring and comparing the electrode skin-
impedance across different conditions of loading and types of electrodes, and 2) measuring
and comparing the measured EMG signal on adjacent locations on the forearm between our

dry electrodes and standard wet gel electrodes

Electrode-Skin Impedance

We use a custom forearm pressing device that can hold a pair of electrodes underneath a
carriage that can vary the amount of force being pressed on the forearm using a force sen-
sor inline with the electrode (Figure [6.8)). The user’s forearm is positioned underneath the
electrodes and the electrodes are connected to an impedance analyzer (Analog Discovery
2, Digilent Inc). The electrodes are then pressed onto the forearm until a stable force is
held at 2, 4, 8, and 10 N for each repetition and the impedance is measured at 10 to 2000
Hz of frequency. The results (Figure show that at 100 Hz, our dry electrodes on un-
prepared and dry skin have an electrode-skin impedance of 2433.8+£275.05, 1742.544-255.32,
1428.36+106.17, and 1233.35+£127.31 k2 for 2, 4, 8, and 10 N of force. However, with a
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small amount of sweat, which is simulated using a small amount of saline solution on the
skin, the electrode-skin impedance reduced to 254.5+24.10 k€2 across all loading conditions.
This small amount of sweat is akin to having dry electrodes placed on the skin for a long
duration (> 1 hour) of time [58, [I53]. It can be seen that the impedance is still well above
the standard wet gel electrodes, but is in line with dry electrodes found in research. Note
that this comparison should be considered anecdotal since the electrode-skin impedance can
vary from person-to-person and conditions of the skin, however, the ADS1299 amplifier used
in our EMG band has an input impedance of at least 1 G2, which our electrodes are well
below the commonly maximum recommended impedance of 1/10 times the input impedance

(lesser than 100 M) [70].

Validation Against Commercial Wet Electrodes

Using commercially available gel electrodes (Red Dot 2560 Electrodes, 3M) as a baseline,
we compared the EMG recordings from our dry electrodes on our EMG band. We had a
user don the EMG band while connecting the eighth channel of our EMG band to a pair
of gel electrodes, as shown in the top image in Figure [6.9] After a warm-up duration of 5
minutes to let skin conductance reach reasonable stability, we recorded 40 seconds of EMG
signals. Here, we compare channel 4 from our EMG band to the gel electrode (channel 8)
which are adjacent to each other on the forearm. Although not ideal, this gives us reasonable
measurements of muscle activity along the same muscle (extensor digitorum). Figure
& B shows an 8 second excerpt of the collected signals where the signals, visually, have high
similarity in both shape and envelope. Following [153], we report a Pearson’s correlation of
0.97 between our dry electrodes and the gel electrode envelopes across the entire duration,
and a signal-to-noise ratio (SNR) of 56.1 dB and 57.68 dB for our dry electrodes and the
wet electrodes, respectively. A sliding correlation with a window of 1000 samples is shown
in Figure [6.9C, as well as a Welch’s power spectral density (PSD) plot (Figure & E)
of different muscle activities for visual comparison between the two electrodes. Note that

the validation presented here is brief, and a complete validation that takes into account long
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Impedance Analyzer
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Figure 6.8: (Top) Our custom electrode testing device, where weights can be placed atop
a carriage that holds a pair of electrodes with an inline force sensor. (Bottom) The skin-
electrode impedance measurements from our brief dry electrode characterization. Impedance
is plotted over frequencies of 10 to 2000 Hz, with the (transparent bands) showing standard
deviation between measurements. It can be seen that for dry electrodes that have initially
come into contact with skin, the amount of normal loading (force) can affect the impedance
with lower forces giving rise to higher impedance. However, with a small amount of sweat for-
mation, occurring approximately 5 minutes after skin contact, impedance is similar through-
out all force levels. Gel 3M Red Dot electrode impedance is plotted for reference. Electrode

impedance data from [I53] is also included for comparison.
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wear duration and drift over time is beyond the scope of this paper.
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Figure 6.9: (Top) 3M Red Dot gel electrodes were connected to the eighth channel of our
EMG band for comparison against the adjacent channel. (A) The filtered signal from both
types of electrodes is shown, the overall magnitude and envelope of the signal is similar. (B)
The linear envelope of the signals from both electrodes are similar as confirmed by (C); the
envelopes are constantly highly correlated throughout the excerpt shown. (D) & (E) show

the power spectral density (PSD) during wrist flexion and extension for both electrodes.
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6.3.2 Bellows Actuators

We fabricated our bellows actuators in similar dimension and shape to [I55], readers who
desire an in-depth characterization using a more capable pneumatic system should refer to the
cited paper. Here, we present the characterization of the bellows and our microblower-based
pneumatic system as a whole, where each microblower is exclusively used to drive one bellows
actuators. Firstly, we characterized the step-up response of the bellows by commanding a
setpoint of 5 psi or 34.47 kPa, this has been empirically deemed the maximum pressure
that the microblowers can sustain without requiring the microblowers to be at full output
constantly. The results in Figure show that the 20 mm bellows actuators have a rise
time of 2.36 seconds, while the larger bellows have a rise time of 5.05 seconds. During step-
down however, both bellows quickly deflate in roughly 1 second. A gentler ramp up from
0 to 34.47 kPa in 10 seconds and ramp down to 0 kPa again shown in Figure [6.10(C, shows
sufficient performance for use-cases that require slower responses. For reference, we included

Figure |6.10D to show the frequency response of the 20 mm bellows with our system.

Pneumatic Band

With the goal of being able to vary the amount of pressure on the EMG electrodes in mind,
we constructed a pneumatic band using our bellows and pneumatic system. A pair of dry
EMG electrodes (forming one channel/site) was adhered to two of our bellows (one for each
bellow) and the bellows were attached to a hook-and-loop strip. A large 50 mm wide bellows
was attached to the end of the same hook-and-loop strip to form a pneumatic band that can
simultaneously apply pressure on the electrodes and tighten the band on a forearm (Figure
. We validate the performance of the pneumatic band by wrapping the band on a 3D
printed jig with a force sensor (FMA series, Honeywell), as shown in Figure , where one
of the electrodes is placed directly on top of the force sensor. The jig has a circumference of

approximately 208 mm. All three bellows were given a ramp up and ramp down signal up

to 5 psi (34.47 kPa) as shown in Figure . The results show that the band can achieve
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a maximum quasi-static force of 4.1 N locally on the electrode. For comparison, strapping
our EMG band on the characterization jig yielded a maximum force of approximately 4 N
at the tightest setting. It should be noted that, according to [155] the bellows’ force output
is dependent on the amount of displacement, therefore, it is likely that the amount of force

applied on a human forearm could differ from the the forces measured from the jig.

Setpoint
~— 20 mm Bellows | |
— 50 mm Bellows

Pressure (kPa)

Time (s)

Figure 6.10: (A) The step response for both bellows have an initial instantaneous response,
followed by a slower rise. (B) The bellows under characterization are shown in their deflated
and inflated state. (C) A slower ramp response, akin to the actual usage of the bellows,
shows good setpoint following. (D) The frequency response of the 20 mm bellows’ and the
resulting force of the frequency response test if all three bellows are installed on the band in
(F). (E) The force response to a ramp input when all three bellows are installed on a band

using the characterization jig in (F).
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6.4 User Study and Data Collection

In order to better understand the effects of pressure on the skin-electrode interface and the
resulting SEMG signals, we designed a user study based on hand-tracking applications in vir-
tual reality with dual-intents: 1) to study the effects of varying conditions of skin-electrode
coupling on the performance of using an EMG-based input modality, and 2) to collect sSEMG
data during said conditions for use in the proof-of-concept system for maintaining good cou-
pling in Section [6.5] We chose hand-tracking as the main input modality as we hypothesize
that EMG can serve as a supplementary modality to improve upon purely optical-based

hand-tracking, as described in the following sections.

6.4.1 FExperimental Setup
Hardware Setup

Our user study is run entirely on a Meta Quest 2 standalone virtual reality headset. The host
microcontroller for our EMG band prototype and the pneumatic controller is connected to
the headset via a USB hub. To minimize the amount of power line interference, a USB Power
Delivery (USB-PD) power bank supplies power for the pneumatic controller. We connect
three bellows on the pneumatic armband as described in Section to the microblowers:
two bellows modulate the amount of pressure on a pair of EMG electrodes (forming one chan-
nel) and a large bellows for increasing the overall pressure placed opposite of the electrodes
on the arm (see Figure [6.7). Participants would don the EMG armband on their forearm as
tightly as they feel comfortable and then the pneumatic armband would be worn adjacent to
the armband, further up the arm, as shown in Figure[6.1] As we intend to emulate hardware
that could be possibly used in everyday life, no preparation of the arm, such as shaving,
abrasion or cleaning, is done prior to donning the armbands. The pair of electrodes on the
pneumatic band is connected to the eighth channel of the EMG armband via a magnetic

connector.
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EMG as a Signal for Interaction Intention

The use of virtual reality in a productive or training environment can span many modes of
interaction such as manipulating objects, browsing menus, or performing input through an
interface. Here, we focus on two common interactions: the manipulation of three-dimensional
physical objects in the virtual space and the interaction with a two-dimensional user interface
using a cursor. Hand tracking provided natively by the headset is used as the main input
modality, with our EMG system as a secondary input modality. In our study, the interaction
with a physical object, such as turning a knob or pressing a button, is not permitted until the
EMG activity reaches a certain amount defined by the moving average with a sliding window
of 200 milliseconds of the absolute rectified value summed across all channels. Conversely,
interaction with the two-dimensional interface is not permitted unless the EMG activity
is lower than a predefined threshold. Thus, users would have to pinch or grab forcefully
to interact with physical objects while two-dimensional screen-like user interfaces require
minimal exertion—we define this as EMG-modulated interaction.

Consequently, as our system relies on the readings of a reliable sensor, having an electrode
that is not properly contacting the skin can prevent users from activating their intended
interaction. A loose electrode on one channel can introduce large signals from motion artifacts
due to intermittent contact that overwhelms the rest of the channels, or lower the total
amount of input due to a complete loss of contact. Here, we want to study the effect of
having this condition of poor contact, therefore we use the pneumatic band to vary the
amount of pressure applied on the electrodes. Low pressures, or none at all, should render

the pneumatic band loose while high pressures should resemble the tightly worn EMG band.

Task and Virtual Environment

Participants are placed in an office-like virtual environment with a desk, monitor and a
large two-dimensional panel 1 meter wide and 0.53 meters tall that emulates the native user

interface found in virtual reality systems. The monitor is only used for diagnostics during the
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study and displays the filtered real-time EMG signals from the EMG band rendered using
ImPlot | and Dear ImGui ] Above the desk, 12 three-dimensional interactable objects are
presented to the participant during most of the study. The objects are: a knob (similar to
those found on stovetops), a slider, a large lever, an electrical plug and outlet, a dial, and
a circular smart knob (like those found on smart thermostats) —further descriptions can
be found in Figure Every object has an on and off state, participants are to interact
with each object to switch them into their on state as prompted, such as: the knob requires
switching from pointing left to right, the circular smart knob must be rotated clockwise until
the screen reads 100%, and the slider must be slid fully upwards. A small flag is raised above

the objects to signal a success.

The two-dimensional panel (Figure presents participants with three cursor-based
tasks: 1) entering a four-digit keycode, 2) an icon and color matching task using two sliders,
where one slider adjusts the icon and another adjusting the color, and 3) a drag and drop task
to position the icon of a banana to its target outline. When prompted, participants would
use a pointer and pinch-to-select style input to interact with the panel, where the pointer
(or cursor) is positioned using a ray from the approximated location of the shoulder to the
hand—which is also known as far-field targeting. We refer readers to the Oculus Developeif]]
documentation for further reading on far-field targeting and pinch-to-select for hand tracking.
All interactable components are driven using a modified version of the Oculus Interaction
SDK| provided with the Oculus Integration package for Unity. We use the Bricklayei’

package for Unity for running our user study.

Zhttps://github.com/epezent/implot
3https://github.com/ocornut/imgui
Yhttps://developer.oculus.com/resources/hands-design-bp - Last retrieved on June 25th, 2022

5https://developer.oculus.com/documentation/unity/unity—isdk—interaction—sdk—overview-
Last retrieved on June 25th, 2022

Shttps://github.com/prnthp/experiment-structures


https://github.com/epezent/implot
https://github.com/ocornut/imgui
https://developer.oculus.com/resources/hands-design-bp
https://developer.oculus.com/documentation/unity/unity-isdk-interaction-sdk-overview
https://github.com/prnthp/experiment-structures
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Figure 6.11: Physical object tasks. The Knob requires users to pinch and turn the knob
clockwise by 50 degrees. The Slider requires users to slide the handle up by 10 cm. The
Lever requires user to grab the handle and turn the lever 90 degrees in the direction shown.
The Plug requires users to grab and push in the plug, which is constrained in the axis along
the socket. The Rotary Dial requires users to pinch to grab the handle and spin the dial for
three rotations clockwise. The Smart Knob requires users to grab onto and turn the knob’s
outer casing by approximately 180 degrees (the display will count up to 100%), which can
be achieved by turning the knob 90 degrees twice.
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(task incomplete)

(task completed)

Numpad Sliders Drag and Drop

Figure 6.12: The three tasks on the 2D panel: (1) Number Pad. Users would enter a four
digit code as shown in gray. If the user fails, the input restarts at the first digit. (2) Sliders.
Users would slide the top slider to match the icon to the one on the left and the bottom
slider to match the color. There are a total for 4 icons and 4 colors. (3) Drag and Drop.

Users would hold down their cursor (pinch) to drag the banana icon to its outline location.
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Study Flow

Our user study begins with participants first donning the EMG band tightly around the
forearm followed by loosely wearing the pneumatic band adjacent to the EMG band nearer
to the elbow with the pneumatic band’s electrode adjacent to fourth channel of the EMG
band (Figure . Participants then don the Meta Quest 2 headset and follow prompts
shown on the 2D panel in the virtual environment. First, participants are given a short
tutorial for each interactable object and cursor-based tasks, then, participants are given a
short mock trial to acclimate to the task they would be doing: presented with 12 interactable
physical objects and three cursor-based tasks, interact with each object and complete tasks
as indicated by the green border one-by-one in rapid succession. As shown in Figure [6.13],
the interactable objects are positioned directly in front of the user, with 6 objects in columns
of 3 on the left and right, and the 2D panel is positioned approximately 1 meter away from
the user. The interactable objects are intentionally positioned so the 2D panel is slightly
occluded at each end—this is to ensure that there is overlap between the cursor’s raycast
and interactable objects, where users would have to use the EMG-modulated interaction to
switch between modes of interaction. After the mock trial, participants then proceed to the
actual trials. Each trial consists 40 consecutive interactions randomly switching between
each of the 12 objects and 3 cursor-based tasks, with the objects re-positioned every 10
interactions. After each trial, a short 8 question questionnaire is presented on the 2D panel

with questions relevant to the trial just completed.

A total of 10 trials are performed per session split into the following configurations: 2 trials
where EMG-modulated interaction is disabled (therefore interactions can be engaged with
simultaneously between objects and the cursor-based tasks), 2 trials where EMG-modulated
interaction is enabled and the pneumatic band’s electrodes are not used, 6 trials where the
pneumatic band’s electrodes are used (i.e. replacing channel 4 with channel 8) and the
pressure of the of pneumatic band’s bellows are set to either 0, 1, 2, 3, 4 or 5 pounds per

square inch (psi). Note that in trials that the pneumatic band’s electrodes are not used, the
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2D Panel

Physical Objects

Figure 6.13: A screenshot from within the virtual environment is shown. The physical objects
in the foreground can be interacted with like their appearance suggests, such as a knob
requiring a twist or a slider requiring a slide. The 2D panel resembles cursor-based or touch-
based input similar to modern user interfaces found in VR, computers and smartphones.

The monitor is used for diagnostics and is not interacted with during the user study.

bellows are set to 0 psi.

6.4.2 Results

We recruited 8 right-handed participants to participate in the study. The study was approved
by our institution’s Institutional Review Board (IRB) and all participants gave informed

consent.

Task Performance

First, we evaluate the usability of our EMG-modulated interaction. Figure [6.15]shows that,
on average, users required a higher overall time to complete both physical and panel-based
tasks. Upon reviewing footage recorded from the headset during the study, we found that
this increased time can be attributed to 1) users failing to generate enough muscle activity

for physical tasks, thus having to retry the interaction and 2) users activating their forearm
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muscles during panel-based tasks to aid in the initial aiming of the cursor thus having to relax
their muscles in order to proceed. Nevertheless, our system does successfully prevent users
from accidentally activating unintended tasks, as the overall amount of mistakes is lower

when EMG-modulation was used (Figure No Mod vs. Mod condition, p = 0.011).

When coupling pressure on the electrode was changed (Figure , users made more
mistakes at lower pressures (0 to 2 psi), compared to higher pressure (3 to 5 psi) and the
baseline (EMG). At lower coupling pressures, even if only a single electrode pair is contribut-
ing to the overall envelope, the resulting signal can be overwhelmed with motion artifacts, or
lessen the overall signal, as presented in the next section. Motion artifacts overwhelming the
signal causes the EMG-modulation to remain in the physical object interaction due to a large
overall signal, while a lower than usual signal causes the cursor to engage with panel-based

tasks.
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Figure 6.14: As the amount of pressure in the pneumatic band increases, the amount of
engagements of the wrong object or task tends to decrease towards the baseline (Mod con-

dition). The No Mod condition shown is when EMG-modulated interaction is not used.
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Figure 6.15: The completion time of tasks vary widely between each condition. The use of

our EMG-modulated interaction increased the overall time for completion.

Effect of Coupling Pressure Variation on sEMG

The plots in Figure [6.16] are hand-picked representative EMG activity collected during the
user study. We observed two behaviors when the pneumatic band is most loosened: 1) an
overall decrease signal magnitude compared to the reference electrode (Figure[6.16]A), 2) high
intensity transients in signal magnitude that can be attributed to motion artifacts during
tasks that require movement (Figure ) At higher pressures, when the pneumatic band
is tighter against the arm, the EMG envelope between the pneumatic band’s electrodes and
reference electrodes closely resemble each other (Figure & D).

Using the aforementioned observations, we analyzed the correlation (Pearson’s correla-
tion) between EMG envelopes between the pneumatic and reference electrode and the relative
magnitude of signal compared to the reference electrode. Figure [6.17]shows a consistent lack
of correlation between electrodes at 0 psi, and an increase in correlation as pressure increases.
This increase, however, is not true for all subjects as some maintain a high correlation at
1 psi and above. Using the reference electrode as a baseline, when comparing the relative
signal magnitude (calculated using the mean of the entire envelope during each trial), the

signal magnitude has a trend of increasing along with pressure, possibly reaching a plateau
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Figure 6.16: Representative examples of EMG activity at different amounts of pneumatic
band pressure. (A) & (B) With the bellows deflated, the overall activity is noticeably reduced
compared to the reference. Additionally, motion artifacts overwhelm the EMG readings in
(B). (C) & (D) At 3 & 5 psi, the EMG activity at the pneumatic band is noticeably closer to
that of the adjacent reference electrode. Note although the bands are adjacent, the muscle

activity can never be exactly the same.
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near 3 psi (Figure |6.17)).
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Figure 6.17: (Left) Correlation calculated between the EMG envelopes at varying levels of
pressure reveal no correlation at 0 psi and high correlation at levels 1 psi and above. (Right)
The relative overall EMG envelope magnitude when comparing the pneumatic band channel

against the reference channel as a baseline.

Subjective Evaluation

After each trial, our participants answered a short questionnaire regarding their experience
for the past set of tasks. Our users mostly reported that they did not perceive the pneumatic
band as tight until the maximum amount of pressure at 5 psi. In terms of comfort, aside
from a few instances, most subjects perceived the pneumatic band as comfortable (+2 level).
In terms of difficulty, most subjects perceived the tasks as difficult at first, but reported less

difficulty as the trials progressed, suggesting that there is a learning effect. There was no

difference in difficulty between levels of pressure.
6.5 Proof-of-Concept Actuated Electrode System

In this section, we describe our efforts to build a closed-loop system for maintaining adequate

contact between the electrode and the skin.
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Figure 6.18: (Left) Participants reported that the pneumatic band was neither tight nor

loose, aside from the highest pressure condition. (Right) Most participants reported that

the band was comfortable at all pressure levels.
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6.5.1 Dataset

As mentioned in Section [6.4] we also recorded the EMG readings during each trial. We
use the readings to generate dataset that can be used for training or evaluation of a system
that can determine the state of the electrode: good contact or poor contact. First, we
segment each trial into individual interactions. Physical object interactions are segmented
starting from the time the user’s hand is hovering near the target object up until the object
is successfully activated. Panel-based interactions are segmented starting from the time the
user is prompted to complete the task to up until task completion. As our EMG-modulated
interaction system relies on high and low muscle activity, we label physical object segments as
high activity (activity=1) and panel-based segments as low activity (activity=0). As we
are interested in the electrode contact state, we extract only the EMG channels of interest:
channel 4 (reference) and channel 8 (pneumatic band). For each segment, we label their
contact status according to the trial the segment is in. Segments from channel 4 are labeled
as good contact (contact=1) regardless of the trial. Segments from channel 8 are labeled as
poor contact (contact=0) in trials where the pneumatic band is at 0 psi. We chose to discard
data from channel 8 where the pneumatic band is at 1 psi or higher due to the uncertainty

of electrode state.

Feature Extraction

Our EMG data is sampled at 1000 Hz and contains a large amount of noisy, stochastic
signals spanning a wide range of frequency. It has been shown that creating time-domain
and frequency-domain features from windows of EMG data is beneficial for machine learning-
based classifiers [101]. Therefore, we performed feature extraction to increase dimensionality
of our EMG data. First, the raw EMG readings are high-pass filtered using a second-
order Butterworth filter at 60 Hz, followed by notch filtering at 60 Hz and 120 Hz. Then,
adapted from [82], we use the following features: 1) mean absolute value, 2) variance, 3)

log of the variance, 4)-6) time-dependent power spectrum descriptors (TDPSD): sparseness,
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irregularity factor and energy, 7)-11) fast Fourier transform magnitudes at 15, 30, 60, 120
and 180 Hz. For each segment in our dataset, the data is split into 256 samples with a stride
of 64 samples for feature extraction, which translates to approximately 256 milliseconds of
data with a latency of 64 milliseconds for a real-time system. An excerpt of the resulting
features is shown in Figure [6.20] In total our dataset consists of 355,366 samples with 11
features across all trials and subjects, with 243,439 samples labeled as good contact and

111,927 samples labeled as poor contact.

Good Contact Poor Contact

Feature No.

|

1 Physical F‘anel Physu:al Panel 6000

Samples

Figure 6.20: An excerpt of 6000 samples of our training dataset is shown. The features with
skin-electrode contact labeled as poor contact (contact=0) show some distinct behavior
from the those labeled as good contact (contact=1). The colored regions denote whether

the samples are during physical tasks (activity=1) or panel tasks (activity=0).

6.5.2 State Estimation

Using the dataset’s features as input and labels as state, we wish to estimate the state
of electrode-skin contact. We constructed our neural network based on a Long short-term
memory (LSTM) network. LSTM networks are thought to be well suited for timeseries
prediction or classification and can utilize time-lagged dependencies [110]. Our network
takes 5 samples (current + history of 4 previous samples) as input and classifies the state

as either good or poor contact (binary classification). A diagram of the model is shown in
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Figure .

We constructed our machine learning pipeline using Keras [20]. To minimize class imbal-
ance, random contiguous segments with good contact labels were dropped from the dataset
until the number of samples in each class was approximately equal. Our neural network
consists of a normalization layer, a fully connected layer of size 32 with ReLLU activation, an
LSTM layer with 24 units, and a fully connected output layer of size 1 with sigmoid activa-
tion. We deliberately built a small network to minimize computational time for deployment
on a near real-time or embedded system. We trained our network using the Adam opti-
mizer with a learning rate of 0.001 with decay, and binary crossentropy as the loss function.
Our model is evaluated using binary accuracy as a metric, where a higher frequency of cor-
rect classification yields higher accuracy. After hyperparameter tuning, our state estimation
model achieved an accuracy of 85% for our training dataset and 80% for our test dataset

from an unseen subject (not contained in the training dataset).

Figure 6.21: (A) A diagram feature extraction and neural network model based on an LSTM
network is shown. The input to the model is a buffer of 5 timesteps (current + history of
4) of features extracted from 256 samples of filtered EMG. The model then classifies the
contact state between good (1.0) and poor (0.0). (B) The control scheme for maintaining
electrode contact is shown. Once the contact state is estimated, the integral controller builds

up pressure in the pneumatic band if the contact state is poor.
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6.5.3 Control

The resulting LSTM model was then saved as a TensorFlow Lite [26] model to be used in
computing environments outside of Keras. Our model was then included into our Unity-based
environment using the TensorFlow Lite for Unity Samples package [} A brief benchmark of
the CPU execution time yielded 0.023 ms for LSTM state estimation and 0.015 ms for
feature extraction averaged over 1000 subsequent calls on a Meta Quest 2 headset running
a Unity-based Android application (IL2CPP + Burst compilation enabled) —which is well
within the execution time required for real-time systems. Had there been longer execution
times (in the order of tens of milliseconds), we would use a task-scheduler to delegate the
computation to a separate thread, or the GPU (graphics processing unit with OpenCL)
and DSP (digital signal processor via Arm Neon) for neural network execution and feature
extraction, respectively.

Using the LSTM contact state estimation as input, we built an integral controller to
adjust the amount of pressure in the pneumatic band. The controller has a sampling rate of
15 Hz to accommodate the slow response of the bellows and the sampling rate of our LSTM
network. The integral controller behaves in such a way that pressure in the band is built up
when the contact state is constantly poor, and maintains a relatively stable pressure when

the electrode state transitions between good and poor.

6.5.4 Demonstration

We demonstrate a proof-of-concept system using the same task as our user study, presented
a single trial. The trial is configured in the same manner as the EMG-modulated interaction
condition in our user study, except our closed-loop system is turned on mid way through
the trial. We collected the EMG data, our state estimator’s predictions, and the pneumatic
band’s pressure. Upon observation of the collected data (Figure it can be seen that in

the duration that the control system is turned off, the state estimator correctly identifies

"https://github.com/asus4/tf-1ite-unity-sample
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events that are obvious motion artifacts. When the electrodes are stably resting on the skin
(during tasks that involve the 2D panel), the contact state is reported to be good, hence, our
state estimator generalizes favorably for detecting poor contact during motion, but does not
generalize well for mostly idle situations. When the control system is turned on, once there
is motion (physical object tasks), the state estimator detects the onset of a motion artifact
and thus our band increases pressure. The remaining data of the excerpt from the trial shows
that the EMG envelopes from the pneumatic band have consistently high correlation with
the reference band when there is activity. The correlation between the EMG envelope of the
pneumatic band’s channel and the reference band’s channel yielded 0.56 when the control

system was off and 0.86 when the control system was on.
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Figure 6.22: Excerpt of data collected during a modified trial from the user study. The flag

(104 seconds) indicates the moment when the control system is turned on for the trial.
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6.6 Limitations and Future Work

Our user study results indicate that for an EMG-based input modality, there is a need for
active monitoring of the electrode-skin contact status. Using the linear envelope of EMG
as part of an input modality in our study is fairly primitive compared to other techniques
such as decoding hand activity or intent from lightly processed signals and features [I31] 28],
however, even our simple system suffers from an unreliable signal. We expect the issue to
be exacerbated in systems that are more complex—especially those that utilize machine
learning models or neural networks. Our results indicate that not much pressure is required
to maintain good contact, however, there is still much variability due to the uniqueness of
limb geometry and skin condition from person to person, despite our efforts of maintaining
a similar initial tightness for the pneumatic band throughout our cohort. Our EMG dataset
and contact estimation model are fairly unique to our particular setup, however, our device,
prototypes, and the fabrication techniques presented here can be produced using consumer-
grade tools such as 3D printers.

We believe that multiple facets of the work presented here can be incorporated into future
research. Our EMG band provides a low-cost and lightweight alternative to research-grade
devices and provides potential developers access to low-level interfaces (raw EMG signals,
diagnostic commands) whilst maintaining plug-and-play capabilities with modern hardware.
Our pneumatic system provides a platform for soft robotic devices that require low pneumatic
volume without the need for bulky hardware such as pumps, valves and fittings. The system
is also near solid-state, meaning the life expectancy is much higher than the electromechanical
counterpart such as electric motor-based pumps. Our bellows fabrication technique can be
further expanded to include more complex geometry or even integrated directly into larger

3D printed structures whilst printing on the same machine.
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Chapter 7

CONCLUSIONS

Once a wearable device is worn on the body, the wearer’s skin, underlying tissue, and
sensory organs are mechanically and electrically coupled to the device, allowing the wearable
device to sense and act upon the body. Mechanically, the dynamics of both systems can
directly affect each other, propagating from the body of the device acting on the skin down
to the sensory organs beneath the skin that react to vibration, pressure and temperature,
allowing for haptic feedback. Electrically, the body generates minute electrical signals from
neural activity and motor unit activation that can be picked up by the wearable device,
allowing for these signals to be interpreted as input. A soft robotic system behaves similarly
with respect to its environment. The compliance of soft robots naturally couple their dy-
namics strongly to the environment and often necessitate the use of equally compliant but
difficult to interpret sensors. Thus, soft robotics share similar challenges to wearable devices
and each domain can inform the design of the other. In this dissertation, we have presented
a journey of soft robotic design from the fabrication of soft robots, how those designs allow
complex sensing systems and how to gain interpretable readings from those complex sensors.
Then, we elaborated on our application space of wearable devices by introducing two hap-
tic systems that can behave differently depending on the mechanical coupling to the body.
Lastly, we presented the application of soft robotic technologies to solve the overlooked issue

of maintaining reliable contact with the body for a wearable input device.

The second chapter, Negshell Casting [108] introduced a novel method for combining
hard and soft robotic elements together during fabrication to create more complex actuators
and robotic systems. In the wearable device space, integrating rigid components into a

soft, compliant structure is inevitable and Negshell Casting is one solution amongst many.
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Soft robotic actuators seldom have rigid structures for linear sensing elements, furthermore,
their behavior is also highly nonlinear with a large amount of noise and hysteresis as well.
The third chapter, Sensuator [I10] described a solution for state estimation using neural
networks that thrive on nonlinearity. We presented a model that can learn to estimate the
pose of a highly flexible soft robotic actuator using only its own actuation fluid as inputs. The
wearable device equivalent can be the device itself, or even the human wearing the device,
where we desire to estimate the state of the electrical or mechanical coupling of the device
to the body. Haptic feedback through a wearable device is useless without knowing that the
user can feel the feedback and likewise, sensing some biological signals from the body such
as heart rate, electrocardiogram or electromyogram, can be unreliable if the device is not

properly contacting the body.

In the fourth chapter, we introduced Chasm [106], a broadband haptic actuator, that
laid the building block for studying how the human body perceives haptic feedback against
different sites of mechanical grounding. We learned that rendering the same haptic effect on
the head and fingertips generate a wholly different response both in terms of pure perceptual
limits and the illusion afforded when rendering visual stimulus at the same time. Our fifth
chapter, Haplets [109], took the concept of rendering haptic and visual stimulus in synchrony
further and used the body itself to amplify haptic feedback. Haplets heavily utilized visual
stimulus, hand tracking and the pseudo-haptic weight illusion, to create believable haptic
feedback even if the actuator was not directly at the intended site. Haplets introduced a

building block for wearable devices that are closely integrated with the human body.

Lastly, Actually Active Electrodes, our last chapter, introduced a building block for
actively maintaining the aforementioned electromechanical grounding for wearable devices.
We investigated how degraded inputs due to the poor mechanical grounding of input sensors
on a wearable device (EMG) can effect the usability of a virtual reality application. Using
soft robotic actuators, state estimation and control, we presented a solution by introducing
a pneumatic band that can actively maintain adequate mechanical grounding for an EMG-

based wearable input device.
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We have set out to explore how soft robotics and wearable devices share a similar design
space and can benefit from one another. Soft wearable devices are undoubtedly the ideal
form of wearable devices for the human body —and some technologies are already available
today. Yet, it is apparent that more work needs to be done to understand not only human-
computer interaction, but human-computer integration as well, as we progress towards truly

all-day wearable devices that seamlessly integrate with our everyday life.
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