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Abstract

Through exploration and interaction, we rely on haptic information to help per-
ceive the world around us. Haptic devices, which can provide controlled touch feed-
back, have the potential to improve the realism and utility of virtual environments.
Traditional haptic devices impart forces and torques on the user, often through a
world-grounded kinesthetic force feedback device. However, it is difficult for these
world-grounded devices to match the unrestricted movement of head-mounted vir-
tual reality displays due to the increased cost, friction, and inertia that comes with
increased size. Skin deformation feedback offers an alternative, user-grounded form of
haptic feedback that, when worn on the fingers, can mimic the cutaneous interaction
forces experienced during object manipulation. These devices are not without their
own limitations; size and weight constraints often limit the available force output
applied to the fingerpad, and thus, the physical properties of a virtual object con-
veyed to a user. This thesis elucidates the role of skin deformation feedback in human
perception of virtual objects to inform haptic device design and rendering algorithms.

We started by studying the relative contributions of skin deformation and kines-
thetic forces to weight perception. We designed mechanical thimbles to amplify the
skin deformation forces felt on the fingerpad when grasping and lifting a real world ob-
ject, and demonstrated that this changes the weight perceived by human participants.
We then augmented an existing three-degree-of-freedom wearable skin deformation
device, which provides feedback in the directions shear and normal to the fingerpad,
with contact-event based haptics. Then, we showed that adding a high-frequency
contact cue to shear-only skin deformation can serve as an alternative to shear-plus-

normal skin deformation for a grasp-lift-and-place task of a “fragile” virtual object.
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We also found that adding a contact cue to shear-plus-normal skin deformation feed-
back did not improve the performance of this task. Next, we developed a haptic
illusion to alter the perceived weight of virtual objects by scaling inertial forces when
using skin deformation haptic feedback. Through human participant experiments,
we measured the changes in perceived virtual weight and validated the effect of the
illusion. Finally, we combined our scaled inertial forces haptic weight illusion with
a visuo-haptic weight illusion, non-unity control-to-display ratio, in complementary
and conflicting manners to further alter the perceived virtual weight of virtual objects
when using skin deformation haptic devices. These results give insight into how to
use the limited available force output of skin deformation feedback devices to help

users better perceive virtual worlds.
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B Coefficient of generalized linear mixed-effects (model)
Dy Dependent variable of generalized linear mixed-effects (model)
w Weighting factor of tacile contribution

C/D  Control-to-display ratio

GLME Generalized linear mixed-effects (model)

ICC Impulse contact cue

JND Just noticeable difference

NoCC No contact cue

PA  Peak acceleration

PGF Peak grip force

PGFR Peak grip force rate

POE Point of objective equality

PSE Point of subjective equality

SCC Decaying sinusoid contact cue

SN Shear-plus-normal skin deformation feedback

SO Shear-only skin deformation feedback
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Chapter 1
Introduction

Virtual reality systems offer users visually rich and expansive worlds in which to
explore and interact. The exploration and interaction experiences are heightened
when users are provided haptic feedback, which allows them to feel elements of the
virtual world. The combination of haptics with virtual reality not only provides
larger entertainment value, such as improving the user experience of playing a virtual
piano [16], but can also be used to create useful training simulators for assembly tasks
[17] and medical procedures [18]. Furthermore, displaying the physical properties,
such as stiffness or weight, of a virtual object through a haptic device has proven
useful for conveying certain information, such as tissue consistency in medical training
simulators [19], or for decreasing completion times of assembly related tasks when
compared to vision only [20].

Traditional haptic devices apply kinesthetic force feedback from world-grounded
desktop-based devices. These forces are often applied through a manipulandum that
provides the user with both kinesthetic and cutaneous stimuli in an intuitive manner
but limits the type of interactions the user can have with the virtual environment.
Additionally, these devices suffer from friction and inertial effects when trying to
scale the workspace to match the unrestricted movement allowed by current inside-
out head-mounted virtual reality displays.

Tactile feedback devices, which provide cutaneous stimuli similar to traditional

haptic devices without the kinesthetic force component, can be used as an alternative
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to kinesthetic force feedback. They can provide both force direction and magnitude
information to the user in an intuitive manner [21,22]. These devices can be user-
grounded, allowing for a wearable form factor and enabling a potentially infinite
workspace.

This thesis focuses on a specific type of tactile feedback, skin deformation feedback,
which locally deforms the skin of the fingerpad to mimic the cutaneous interaction
forces experienced when manipulating a real world object. In particular, we examine
the role of skin deformation feedback in perception through design, development, and

human participant experiments.

1.1 Motivation

Advancements in head-mounted display technology combined with lower prices have
resulted in virtual reality systems reaching a wider range of consumers. Comple-
mentary haptic systems have not seen the same level of commercial availability and
consumer adoption beyond basic vibration feedback in handheld controllers or smart
phones. One main reason for this is cost. Traditional world-grounded kinesthetic
force feedback haptic devices require high quality motors to produce high fidelity,
high force outputs to the user. Another reason for lack of adoption is available
workspace. Achieving a large workspace with a world-grounded device to accompany
the movement allowed by current head-mounted displays is hindered by increased
inertial and frictional effects that come with increased size.

Skin deformation feedback, a form of tactile feedback, is an alternative to tradi-
tional kinesthetic force feedback that offers a user-grounded feedback modality which
can complement the free movement enabled by current head-mounted displays. A
common design goal for such wearable devices, particularly devices worn on the fin-
gertip, is a lightweight package that does not restrict the movement of the user. To
achieve this goal, small, lightweight motors are used, which have a limited force out-
put. Adding gearboxes would increase the force output but decrease the bandwidth,
which hinders device performance and rendering accuracy, and increase the weight

of a device. This limited force output, in turn, limits the amount of virtual weight
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(a) (b)

User

)
™ | Ground

-

Figure 1.1: (a) Kinesthetic force feedback is often applied by a desktop-base device
that is grounded to the world. (b) Skin deformation devices provide an alternative
form of feedback that can be grounded to the user. Adapted from [1] © 2013 IEEE.

that can be conveyed to a user in virtual reality when holding a virtual object with
wearable skin deformation feedback devices. Thus, it is important to understand the
role of skin deformation in virtual reality perception to inform both device design and
rendering algorithms that utilize the limited force capabilities of fingertip-wearable,

skin deformation feedback devices.

1.2 Contributions

The major contributions of this dissertation are summarized as follows:

e Design of mechanical thimbles that amplify the amount of skin deformation
when picking up real-world objects to measure, through human participant ex-
periments, the relative contributions of skin deformation and kinesthetic forces
for object weight perception. We develop a set of mechanical thimbles that am-

plify the amount of skin deformation when picking up real-world objects. We
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demonstrate, though human participant experiments, that amplified skin de-
formation forces increase human weight perception of an object. We measure
points of subjective equality for multiple ratios of skin deformation forces to
kinesthetic forces to estimate their relative contributions in object weight per-
ception and show human weight perception is largely dominated by kinesthetic

forces.

e [ntegrate and validate contact-event based haptics with a wearable skin deforma-
tion haptic device. We integrate a piezoelectric actuator with an existing skin
deformation device to provide contact-event based haptics for testing combina-
tions of three-degree-of-freedom, two-degree-of-freedom shear-only, and no skin
deformation feedback with either an impulse-based or decaying sinusoid contact
cue. We demonstrate, through human participant experiments, that augment-
ing three translational degrees of freedom of skin deformation feedback on the
fingerpad with a contact-event based cue does not improve task performance of
a grasp-lift-and-place task of a “fragile” virtual object. We also demonstrate,
through human participant experiments, that adding a high frequency contact-
event based vibrotactile contact cue to two shear degrees of freedom of skin
deformation feedback improves performance of a grasp-lift-and-place task of

the “fragile” virtual object.

o Implement haptic illusions to alter virtual weight perception during a grasp-lift-
and-place task. We develop an inertial scaling haptic weight illusion, leveraging
an existing physics framework for virtual reality environments. We demonstrate
and measure, through human participant experiments, a change in perceived
virtual weight when using the inertial scaling method with wearable skin de-
formation haptic feedback devices, increasing the range of perceivable weights
that can be rendered. We also demonstrate and measure, through human par-
ticipant experiments, the change in virtual weight perception when combin-
ing haptic and visuo-haptic weight illusion methods, scaled inertial forces and
non-unity control-to-display ratio, in complementary and conflicting manners,

further increasing the range of perceivable weights that can be rendered.
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1.3 Previous Work

This section provides an overview of existing relevant research. We first discuss
research on weight perception and weight illusions. We then give an overview of skin

deformation feedback and wearable skin deformation haptic devices.

1.3.1 Weight Perception and Illusions

Gaining insight into how humans form weight percepts can help render more be-
lievable objects in virtual reality via haptic feedback. Knowing how various haptic
signals effect perception can help determine which types of haptic feedback are im-
portant. Haptic classification of objects begins with a grasp-and-lift routine, shown
in Fig. 1.2, as the first stage of exploration [23]. As the fingers begin to grasp the
object, there is a contact cue followed by the reaction forces from the object on the
fingers. As we prepare to lift the object, we grasp the object firmly enough, gener-
ating enough friction force between the fingers and the object, to support the weight
of the object. Upon liftoff, the entire weight of the object is supported between the
two fingers, deforming the skin locally, and this weight is felt through the muscles
in the arm and hand used to generate the lifting motion. During a grasp and lift
task, a person’s weight representation of an object is updated by transient afferent
responses (e.g., from Pacinian afferents) that occur when the lifting force overcomes
gravity [24]. Typically these updates are complete after one or two lifting trials [24].

Weight perception has long been studied, dating back more than a hundred years
to when Ernst Weber observed that weight discrimination is more precise if a weight
is lifted by the hand as opposed to setting a weight on the hand while the hand is
supported by a table. It was further shown that weight discrimination is more sen-
sitive under voluntary muscle contractions compared to muscle contractions elicited
via galvanic or faradic excitation of the motor nerve [25]. This indicates that an
efferent copy of our muscle commands during a lifting task contributes to our weight
perception of an object.

Gibson [26] introduces the idea of affordance, later expanded upon by Turvey et al.
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(d)

<= normal force
<= shear force

(a) (b) (c)

Figure 1.2: An example of a grasp-and-lift task using a pinch grip. (a) The task
starts with the thumb and index finger approaching the sides of the object. (b) As
contact is made, the normal force increases. (c) Before liftoff, the shear and normal
forces on the fingers increase as the lifting force starts to overcome the weight of the
object. (d) After liftoff, the weight of the object is supported through the shear forces
on the fingers.

[27], with respect to an object’s perceived heaviness, which is the consideration of the
relation of an object’s inertial properties to properties of the human movement system.
Turvey et al. show that the perceived heaviness of an object is, in part, determined by
the linear combination of the object’s mass and particular scalar variables calculated
from the object’s inertia tensor [27]. This idea of perceived heaviness with respect
to the context of inertia and movement is further expanded by Carello et al. [2§]
where they state “singular properties such as heaviness is more properly construed as

pai

‘heaviness while doing X’ or ‘movable in a particular way.” This principle agrees with
the work done by Amazeen and Tuvey [29] which shows that an object’s perceived
heaviness when wielded depends on an object’s rotational inertia, proving that an
object’s perceived weight is not just a function of mass but also the effort to wield the
object. This body of work emphasizes that weight perception or perceived heaviness
must be taken in the context of the action or manipulation taking place and the effort
needed to perform the action or manipulation.

The visual aspect of the rotational movement when wielding an object was also
shown to have an effect on weight perception when Streit et al. [30] scaled the dis-
played rotational displacement of a real world object being wielded compared to the
actual rotational displacement of the object. This scaling of motion is similar the

work presented by Dominjon et al. [31], in which they scale the position of a visual
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Size-Weight Illusion Material-Weight Illusion Surface-Weight Illusion Brightness-Weight Illusion

Perceived Lighter

Perceived Heavier ‘

Figure 1.3: Examples of several known weight illusions that show that various
physical properties, such as size [2], density [3,4], surface texture [5,6], and color
brightness [7], can have an effect on weight perception.

avatar of an object being manipulated in virtual reality during a weight discrimi-
nation task which alters the virtual object’s perceived weight. This scaling value is
referred to as the control-to-display ratio.

Differences in certain physical properties, other than the mass of the objects,
have been shown to affect weight discrimination and thus play a role in forming the
weight percept of an object. Examples of these can be seen in Fig. 1.3. The size-
weight illusion, also known as the Charpentier illusion, shows us that an object’s
size affects its perceived weight [2]. Flanagan and Beltzer [32] showed that one’s
perceptual system can operate independently from the sensorimotor system based
on the persistence of the size-weight illusion even after the sensorimotor system has
adapted to the weight of each object from multiple lifts. Wolfe [3] showed that objects
made of denser materials, such as brass and steel, are perceived to be lighter than
objects made of less dense material, such as wood. Buckingham et al. [4] showed
this illusion can be induced from expectation alone by allowing participants to see
the object before performing the lift without visual feedback. Furthermore, objects
with low friction (smooth) surfaces are likely to be judged to be heavier than objects
with high friction (rough) surfaces [5,6]. Flanagan et al. [5] theorized this is due to

the increased grip force required to hold a smother object of the same weight. Even
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color has been shown to have a slight effect on weight perception, with lighter and
brighter colored objects seeming to be heavier than darker colored objects [7,33,34].
Walker et al. [7] showed that darker objects were visually judged to be heavier but it
is unknown if this had an effect on the weight perception during a lifting task. While
these various physical properties can affect an object’s perceived weight, there is no
research that has decoupled the tactile shear force from the object’s weight — which is
experienced kinesthetically — and analyzed their relative contributions to the object’s

perceived weight.

1.3.2 Skin Deformation Feedback

Adding haptics to virtual reality systems adds the sense of touch to an already visu-
ally rich experience. One of the most common and compelling haptic modalities is
kinesthetic force feedback. Kinesthetic force feedback is traditionally applied to the
user via a world-grounded desktop-based robotic platform, typically through a ma-
nipulandum. A classic example of a three-degree-of-freedom kinesthetic haptic device
is the Phantom, developed in the early 1990s [35]. Phantoms are often used with a
stylus or thimble end-effector, the latter of which is worn by a user on the fingertip.
Such devices can often produce large forces and render high virtual stiffnesses but
only in a limited workspace. Problems with friction, inertia, and cost hinder the
scalability of these devices.

Tactile feedback is another haptic modality that can provide meaningful feedback
to a user, particularly on the glabrous skin of the hand and fingerpad where there is a
high density of mechanoreceptors [36,37]. Vibrations applied to the user, also known
as vibrotactile feedback, have been used in virtual reality and teleoperation to convey
various information such as contact events [38,39] and force magnitude [40]. Low
spatial resolution of human vibration perception increases the difficulty of conveying
direction in a compact form with vibrotactile feedback.

Skin deformation feedback is a form of tactile feedback that deforms the skin of
the user by stretching or pressing on it with a tactor. Some of the first devices that

provided pure skin deformation feedback used a tactor moving in an aperture. In
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Figure 1.4: (a) The grounding forces for a tactor-aperture based approach to skin
deformation feedback are local to the contact area of the tactor, similar to the devices
presented in [8,9]. (b) For non-tactor-aperture approaches, the grounding forces are
further away, such as on the backside of the finger, and ideally more distributed.

this approach, which can be seen in Fig. 1.4a, the user places their fingerpad over
an opening in which the tactor moves to deform the skin. The edges of the opening
provide localized reactions forces to the fingerpad; thus there is no net force on the
finger. It was shown that when using this tactor-aperture approach, both magnitude
and direction can be conveyed by skin deformation feedback [21,22]. Skin deformation
feedback has also been used to increase the perceived friction and stiffness of a vir-
tual surface using a tactor-aperture device mounted to a traditional kinesthetic force
feedback device [8,41]. A three-degree-of-freedom version of these devices was used to
augment kinesthetic force feedback when following a path; users showed improvement
in a path-following task when using the combination of skin deformation feedback and
kinesthetic force feedback over kinesthetic force feedback alone [9]. Mounting these
these particular tactor-aperture devices to a desktop-based kinesthetic force feedback
device requires the user to grip the device in a specific manner to ensure the fingerpad
lies over the aperture, limiting the manipulation of virtual objects.

Because pure skin deformation feedback, i.e. feedback that deforms the skin with
no kinesthetic component, is intrinsically user grounded, it presents the possibility to
be implemented in a wearable-type device, using grounding methods similar to that

presented in Fig. 1.4b. Recently, a number of wearable skin deformation feedback
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Figure 1.5: Examples of previous skin deformation devices. In (a), the device uses
a belt to generate shear skin deformation in one degree of freedom [10]. The device
in (b) uses a two-degree-of-freedom linkage to apply one-direction shear and normal
force to the fingerpad with the ability to make and break contact [11]. The device in
(¢) shows another approach to making and breaking contact with the fingerpad, using
a solenoid actuator near the tip of the finger [12]. Lastly, (d) shows a device with
a three-degree-of-freedom RSR parallel mechanism that applies two-direction shear
and normal skin deformation feedback [13].

devices have been developed, such as those shown in Fig. 1.5, including several devices
that use two motors and a belt that wraps around the finger to provide shear and
normal force feedback [42,43]. Using a similar device on the fingertip, Minamizawa et
al. [10] were able to render the sensation of weight when statically grasping a virtual
object. Tsetserukou et al. [11] developed a device that provides two-degree-of-freedom
force feedback, one shear and one normal to the fingerpad, using rigid links, which also
allows the device to make and break contact with the user. Solazzi et al. [12] present
another multi-degree-of-freedom wearable device that can make and break contact
with the finger at different locations. This device was improved upon by reducing
the weight and improving the portability and wearability [44]. Some devices, such
as the ones presented in [45] and [1], use cables to orient a platform that contacts
the fingerpad in the normal direction. Other wearable skin deformation devices, such
as the one presented in Chinello et al. [46], use parallel mechanisms, in this case a
3-RRS (revolute-revolute-spherical) mechanism, instead of cables to simulate contact
with arbitrarily oriented surfaces. None of these devices provides feedback in both
shear directions and the direction normal to the fingerpad. Rendering shear forces
is useful for providing users with a sense of the weight of a virtual object during

manipulations, especially with a lack of kinesthetic force feedback.
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Leonardis et al. [13] presented a three-degree-of-freedom skin deformation device
that can provide both shear and radial-to-the-fingerpad skin deformation feedback,
but due to the RSR (revolute-spherical-revolute) configuration, the shear directions
are coupled with the orientation which could effect the perception of shear forces, such
as those caused by the weight of a virtual object in a grasp-and-lift task. Schorr and
Okamura [47] presented a wearable device that provided three purely translational
degrees of freedom of skin deformation feedback. This device was improved upon
in [14] with the addition of gecko-inspired dry adhesive [48] on the end-effector to
eliminate the need of the previous tactor to be indented into the finger pad to prevent
slip.

These devices are not without their own drawbacks such as limited force output
due to the small motors required to keep the devices lightweight. This puts a limit
on the amount of virtual weight that is able to be rendered through the devices when
manipulating a virtual object. Adding large gear boxes would increase the maximum
force output but would negatively impact the bandwidth of a device and increase
the device’s weight. To increase the range of perceivable weights experienced by
the users, other methods must be explored that do not require radical changes to
hardware. Another drawback is that all these devices lack the ability to prevent the
finger from penetrating too far into a virtual surface, causing the devices to saturate
their force output and creating an unrealistic experience for the user. This is in
contrast to kinesthetic force feedback devices, which provide a physical resistance or,
if the force output is large enough, a physical constraint that prevents the finger from
penetrating the virtual surface. While users can learn over time to grasp a virtual
object in a more gentle manner to avoid penetrating too deep into the virtual object,
we consider if there is a way to intrinsically help the user moderate their grip by

providing a haptic contact cue in addition to skin deformation feedback.

1.4 Dissertation Overview

This thesis is composed of five chapters. In Chapter 1, we introduce the motivation

for this work, a summary of the contributions included in this thesis, and a review of
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prior work relevant to weight perception and skin deformation feedback.

Chapter 2 describes our work to determine the relative contributions of tactile and
kinesthetic force for weight perception. We developed a set of mechanical thimbles
to amplify the skin deformation forces experienced when lifting a real world object.
We performed a human participant experiment to measure the change in perceived
weight during a grasp-and-lift task when using these mechanical thimbles.

Chapter 3 describes the augmentation of an existing three-degree-of-freedom,
wearable skin deformation haptic device with contact-event based haptics. We con-
ducted an experiment to assess the performance of human participants in completing
a grasp-lift-and-place task with a “fragile” virtual object with combinations of skin
deformation and contact cues in an effort to either augment or replace existing degrees
of freedom of the skin deformation device with the contact cues.

Chapter 4 presents a novel haptic weight illusion in which we scale the inertial
forces experienced during virtual object interactions to alter the virtual weight per-
ceived by the user through wearable skin deformation devices in virtual reality. A
human participant experiment was performed to measure the change in perceived
weight when virtual objects are rendered with increased inertial forces. A second ex-
periment was performed in which we measured the effect on perceived virtual weight
when decreasing inertial forces while also measuring the effects of the complementary
and conflicting combinations of the scaled inertial forces haptic weight illusion with
the non-unity control-to-display ratio visuo-haptic weight illusion.

Finally, Chapter 5 summarizes the results of this work and reviews the contribu-
tions of this thesis. It concludes by discussing possibilities for future research related

to this work.



Chapter 2

Skin Deformation Contribution to

Weight Perception

In this chapter we investigate how weight percepts change when the amount of force
applied to the finger pad is amplified during grasping and lifting of an object. We
designed two pairs of mechanical thimbles to be worn on the thumb and index finger of
each hand. The thimbles apply an amplified force to the finger pads when the subject
lifts an object. We performed two experiments to calculate the Points of Subjective
Equality (PSEs) for various skin deformation force amplification levels. The first
experiment was done as an initial investigation into amplified skin deformation forces,
and the second experiment followed up to find any effects of saturation. A two-
alternative, forced-choice paradigm with a double-random, 1-up, 1-down adaptive
staircase method was used to calculate the PSEs. Instrumented objects were used
to measure subjects’ grip force and acceleration during the experiment to assess any
correlation between these measurements and the change in weight perception. We
described the different contributions of tactile percepts and kinesthetic percepts to the
user’s weight perception with a simple function. We found that amplifying the forces
on the skin during the grasp-and-lift task did have an effect on the user’s perceived

weight of the object. This work has been submitted for publication as [49].

13
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Figure 2.1: The mechanical thimbles amplify the skin deformation forces using a
gear train from the input wheels, which make contact with the object, to the output
tactor, which makes contact with the finger pad. The idle wheels of the mechanical
thimble help with grasping the instrumented object without transmitting any of the
lift force. A cut-away view of a pair of mechanical thimbles with a simple free-
body diagram showing the forces and torques associated with the skin deformation
amplification.

2.1 Study Description

To understand the role of skin deformation in weight perception when grasping and
lifting objects, we performed an experiment to determine a PSE of weight between
nominal skin deformation (1:1) and amplified skin deformation (N:1, where N is the
amplification factor) when grasping and lifting objects. The first experiment was
performed using a lower range of amplification ratios (N = 1, 1.6, 2, 3.1, and 4), and
a second experiment was performed using a higher and wider range of amplification
ratios (N = 2, 4, 6.2, 8). The protocols for both experiments were approved by the

Stanford University Institutional Review Board.
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Figure 2.2: An exploded view shows the three stages of the mechanical thimble
gear train, each of which can be changed to allow for a range of skin deformation
amplification levels.

2.1.1 Experiment Setup

2.1.1.1 Mechanical Thimbles

We designed two pairs of mechanical thimbles, one pair for each hand, to amplify
the force applied to the finger pad when grasping and lifting an object. The force
applied on the finger pad is transmitted by a three-stage gear train consisting of input
wheels, intermediate gears, and an output tactor; all of which are interchangeable.
The idle wheels simply provide stability. The input stage and the idle wheels both
have two wheels to stabilize the thimbles when grasping the instrumented objects.
A cut-away view of the mechanical thimbles with tactor and grounding forces can
be seen in Fig. 2.1. FEach stage of the gear train and idle wheels is mounted on a
shaft with ball bearings pressed into the housing of the thimble. The wheels, gears,
housing, and grounding shank were all 3D printed using an ABS-like material. An
exploded view of the thimbles and gear train can be seen in Fig. 2.2. Fig. 2.3 and

Fig. 2.4 shows a user grasping and lifting an object while wearing the mechanical
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Figure 2.3: Subjects wore a pair of mechanical thimbles on the thumb and index
finger of each hand.

thimbles. The subject slides their finger or thumb into the thimble and their digit
rests on the tactor wheel connected to the output of the gear train. The four wheels
of the thimble and the tactor are wrapped in high-friction rubber to help with the
grip on both the finger and the instrumented object. Each thimble has a grounding
shank fitted with a semi-soft foam which makes contact with the sides of the digit
to provide localized grounding of the shear forces. The index finger thimbles have a
mass between 48.5 g and 50.3 g and the thumb thimbles have a mass between 50.2 g
and 52.3 g.

2.1.1.2 Instrumented Objects

We built a pair of nearly identical instrumented objects (Fig. 2.5). Each one contains
a compartment to hold weighted slugs, so that we could vary the actual weight of the

object, and an array of sensors: two 3-axis force sensors [50], a force sensitive resistor
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Figure 2.4: A subject wearing two sets of mechanical thimbles during a weight
discrimination task. Subjects could only lift one object at a time.

(FSR), and a 6-axis inertial measurement unit (IMU). The two force sensors, which
we used to measure grip force during the lifting of the instrumented objects, are less
than 3 mm thick each and are mounted between the body of the instrumented object
and a plate to allow the grip force to be distributed across the two sensors. The thin
form factor of these sensors prevented the aperture distance between the subjects
thumb and index finger from being unnaturally large for a grasp and lift task. The
minimum aperture distance using the mechanical thimbles, i.e. the distance between
the index finger and thumb when the wheels of a set of mechanical thimbles are
touching, is 48.3 mm. The thickness of the instrumented object and plate with the
force sensors mounted in between is 7 mm. Thus, the overall aperture distance for
the grasp and lift task while wearing mechanical thimbles was 55.3 mm. The sensors
have a resolution of 40 mN, although the sensors can measure up to +100 N in the
normal direction, we calibrated each of our sensors for +50 N. The FSR is used to
determine when the instrumented object has been lifted off the surface. The 6-axis
IMU is used to analyze the accelerations of the instrumented object during a lift.
Fig. 2.6 shows how the signal from the FSR was used to segment the acceleration and
grip force data during a trial. The data was compiled by an Arduino micro-controller
and sent over Bluetooth to a computer where it was recorded in MATLAB at 54 Hz.

Each instrumented object, with no added weights, has a mass of 175 g.
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Figure 2.5: Instrumented object lifted by subjects wearing mechanical thimbles.
A weight holder compartment allows the experimenter to vary the actual weight of
the object. The object contains sensors to measure grip force, acceleration, and
surface contact. The object streams collected data wirelessly to a micro-controller;
the wireless connection was used to prevent subjects from perceiving any additional
weight due to an electrical cord.

2.1.2 Experiment Procedure

To determine the PSE between nominal skin deformation and amplified skin deforma-
tion, we employed a two-alternative, forced-choice paradigm using a double-random,
1-up, 1-down adaptive staircase method. Subjects were seated across from the exper-
imenter and presented with a pair of mechanical thimbles for each hand. One pair
of mechanical thimbles, the reference thimbles, always had a 1:1 gear ratio, while
we interchanged the other pair of thimbles depending on the gear ratio. The hand

wearing the reference thimbles was always presented with the reference object; the
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Figure 2.6: Grip force and vertical acceleration data from one grasp-and-lift of one
subject. A lift detection algorithm was implemented to segment the grip force and
vertical acceleration data using the signal from the FSR located on the bottom of
the instrumented object so that it made contact with the experiment surface when
the subject set it down. From this segmentation, we evaluated average grip force and
peak acceleration during a lift.

hand wearing the other thimbles was always presented with the variable-weight ob-
ject. In our experiments we varied two variables: the weight of the variable-weight
object and the gear ratios of the thimbles. In each trial, the subject was presented
with these two, nearly identical objects and asked to determine which object “overall
feels heavier.”

Subjects were not allowed to lift both objects at the same time. Subjects were
also asked to only grasp, lift, and set down the objects, and not shake the objects, in
order to eliminate any effect of backlash from the gear train. There was no limit to

the number of lifts a subject could perform before making a decision, and no order
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Figure 2.7: These plots show three separate subjects’ responses when comparing the
weight of two objects during (a) Experiment 1 using a 4:1 gear ratio, (b) Experiment
2 using a 6.2:1 gear ratio, and (¢) Experiment 2 using a 8:1 gear ratio. The subjects’
responses are shown as an X or as a circle. The X represents a reversal in direction
from the subject’s response on the previous step of that staircase (either ascending
or descending); a circle represents no reversal. The Point of Subject Equality (PSE)
was calculated by averaging the user’s last three reversals on each staircase.

in lifting of the instrumented objects was enforced. Subjects were also permitted to
maintain their grasp on an object throughout the trial due to the difficulty in aligning
the wheels of the thimbles vertically over multiple quick grasps. The trial ended when
the subject gave an answer; this answer was recorded in a graphical user interface,
and the experiment program then generated the next weight of the variable-weight
object. Both instrumented objects were then taken behind a divider where the weight
of the variable-weight object was changed and then presented back to the subject for
the next trial. Subjects were unaware that one of the objects was a reference object
whose weight remained constant. Subjects were asked to wear noise-reducing ear
muffs in order to prevent auditory cues, caused by the experimenter changing the
object’s weight, from affecting their decisions.

For both experiments, the weight of the variable-weight object was determined
for each trial by using a double-random, 1-up, 1-down adaptive staircase.

In a single staircase method, the stimulus presented to a subject changes (increases
or decreases) based on the subject’s answer to the previous trial (the previous “step”).

A staircase can be ascending or descending. An ascending staircase means the initial



CHAPTER 2. SKIN DEFORMATION CONTRIBUTION 21

stimulus (step 1) is much lower than the reference stimulus. In our experiment, this
means the weight of the variable-weight object started less than the weight of the
reference object; if a subject said that the reference object felt heavier, then the
weight of the variable-weight object would be increased by one step size. If a subject
said that the variable-weight object felt heavier, then the weight of the variable-weight
object would be decreased by one step size. A descending staircase means the initial
stimulus (step 1) is much higher than the reference stimulus.

However, when a single staircase method is used, a human subject can quickly
figure out how the stimuli are being ordered and anticipate the next step. To re-
move this bias, we used two staircases (an ascending and a descending staircase)
concurrently during a single round of lifts, and we randomly intermixed steps from
each staircase. In this method, the experimenter keeps track of which step on each
staircase the subject is on; when it is time to take the next step on the ascending
staircase, for example, the experimenter refers to the subject’s previous response on
the ascending staircase and adjusts the variable-weight object accordingly.

The initial values of each staircase were determined during a pilot study to ensure
that the PSE values of each skin deformation amplification ratio was within the
prescribed range. If the subject answered that the variable-weight object felt heavier,
the weight of that object was decreased by one step size on the current staircase. The
step size for both experiments started at 30 g and decreased to 10 g after a number
of reversals for that staircase occurred. The round for a particular amplification ratio
concluded when each staircase reached a predetermined number of reversals. The
weight of the reference object was 360 g and the weight of the variable-weight object
started at 180 g for the ascending staircase and 420 g for the descending staircase.
In Fig. 2.7, we see the staircase results (for three separate subjects) for amplification
ratios 4:1, 6.2:1, and 8:1. In both experiments, we calculated a PSE of weight between
nominal and amplified skin deformation across a range of amplification ratios by
averaging the last 3 reversals of both staircases. The PSE values were then averaged
across all participants for each amplification ratio.

During pilot studies, subjects who identified as engineers often noted, either ver-

bally or in their post-experiment survey, that they had a hard time making decisions
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between the two presented weights after “figuring out” how the mechanical thimbles
worked. This suggests that when a subject is aware of the amplification method
and, therefore, the difference in cues between kinesthetic and skin deformation, the
decision is much more cognitive than perceptual. This led to the recruitment of non-
engineers for both experiments because they were less likely to “figure out” how the

mechanical thimbles worked, either from lack of knowledge or lack of desire to do so.

2.1.2.1 First Experiment

The first experiment consisted of five separate rounds, using gear ratios 1:1, 1.6:1, 2:1,
3.1:1, and 4:1. To help subjects become familiar with picking up the objects with the
mechanical thimbles, each subject’s first round of grasp-and-lift comparisons was done
with two pairs of 1:1 geared thimbles. This also allowed us to evaluate any possible
bias introduced by the mechanical thimbles. We ordered the remaining four rounds of
geared thimbles using a Latin square and alternated which hand was equipped with
the reference thimbles during the experiment, to balance for handedness as well as to
limit fatigue in either hand. Each round ended after five reversals in each staircase.
The step size reduced from 30 g to 10 g after the second reversal. Each subject took
approximately two hours to complete the five rounds with breaks included to reduce
fatigue. A total of 8 participants (1 male and 7 female) between the ages of 25 and
31 participated in this experiment after giving informed consent. All 8 participants

were right-hand dominant.

2.1.2.2 Second Experiment

A second experiment was carried out to investigate the effects of amplified skin defor-
mation over a wider range of gear ratios. This experiment consisted of four separate
rounds, using gear ratios of 2:1, 4:1, 6.2:1, and 8:1. Again we ordered the rounds
using a Latin square. For this experiment the reference thimbles were always worn
on the subject’s left hand. Each round ended after four reversals in each staircase.
The step size reduced from 30 g to 10 g after the first reversal. Each subject took ap-

proximately one and a half hours to complete the four rounds, which included breaks
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to reduce fatigue. A total of 4 participants (2 male and 2 female) between the ages
of 18 and 28 participated in this experiment after giving informed consent. All 4

participants were right-hand dominant.

2.1.2.3 Statistical Analysis

For all ratios, a t-test was performed on the PSEs across all participants against the
reference weight of 360 g. A Bonferroni correction for multiple comparisons was used
in assessing statistical significance.

We fit five generalized linear mixed effect (GLME) models to assess: the effect of
the gear ratio on the perceived weight (PSE), the number of lifts per trial, the peak
grip force rate, the peak grip force, and the peak acceleration during each lift.

Perceived weight. The first GLME model assessed the significance of the gear
ratio parameters on the perceived weight (PSE) using an identity link function for
Experiment 1. Instead of using the PSE calculated for each subject, which is averaged
across the last 3 reversals of each staircase, we decided to use each reversal value across
all subjects for each gear ratio for our model. This was done with the understanding
that reversals are not exact measurements of the PSE, but it stands to reason that
it is an approximation with a measurement resolution equal to one step size of the
staircase. The gear ratio is treated as a fixed effect to simulate its effect across
participants, and subject was treated as a random effect. Each ratio was entered into
the model as one less than the gear ratio, N-1, to account for the nominal amount
of skin deformation that occurs when the ratio is 1:1. This means we expect the
intercept term of the model to be close to the reference weight. We used the same
GLME model on the resulting reversals used to calculate the PSEs of gear ratios from
Experiment 2, first for the full set of gear ratios (2:1, 4:1, 6.2:1, and 8:1) and then on
the gear ratios above 2:1 (4:1, 6.2:1, and 8:1).

During each trial, grip force and acceleration were recorded on both objects. We
used the FSR signal in conjunction with the accelerometer and force sensors to de-
termine when the objects were lifted and set back down, and we segmented the data
of each trial into individual lifts. An example trial showing how we sectioned the grip

force and accelerometer data for each lift can be seen in Fig. 2.6. This allowed us to
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analyze the number of lifts as well as the peak grip force rate, the peak grip force,
and the max upward acceleration during each lift. For analyzing these variables, we
combined the data from Experiments 1 and 2.

Number of lifts. The second GLME model analyzed the number of lifts per trial of
both objects. Fixed effects were the gear ratio and the absolute value of the difference
in weight of the variable-weight object and the PSE, of the gear ratio used in each
trial, A(PSE); the random effect was the subject.

Peak grip force rate. The third GLME model analyzed the peak grip force rate
during a lift, using gear ratio and weight of the variable-weight object as fixed effects,
and the subject as a random effect. Since the experimenters did not require subjects
to completely release either object while the other was being lifted, only the first lift
from each trial was used to analyze peak grip force rate.

Peak grip force during lift. The fourth GLME model analyzed the peak grip force
during a lift. Fixed effects were gear ratio, weight of the variable-weight object, the
object’s peak acceleration, and an indicator variable (represented by 0 or 1), denoting
if the lift was the first one performed on the object in the trial; the random effect was
the subject. Each object has at least one lift per trial, and therefore each object has
one lift with the indicator variable value as 1. The purpose of the indicator variable is
to account for subjects using less grip force on the object after they have already lifted
it once. The peak acceleration was included because there is a natural relationship
between lift force and acceleration, and lift force is limited by the grip force due to
friction, provided the object does not slip in the grasp.

Peak acceleration during lift. Lastly, the fifth GLME model analyzed the peak
acceleration during each lift. The fixed effects were gear ratio, weight of the variable-
weight object, and an indicator variable denoting if the lift was the first one performed
on the object in the trial; the random effect was the subject.

The analysis of peak grip force rate, peak grip force, and peak acceleration was
done separately for the reference object and for the variable-weight object. Table 2.1

shows the factors used in the various generalized linear mixed-effects models.
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Figure 2.8: The PSE decreases as the gear ratio increases for a reference weight
of 360 g from Experiment 1. The asterisk (*) denotes statistical significance, after
Bonferroni correction for multiple comparisons, for PSEs across all participants in
Experiment 1 when compared to the reference weight of 360 g.

2.2 Results

Perceived weight. The PSEs calculated for each experiment are given in Table 2.2.
The effects of the gear ratios tested in the first experiment can be seen in Fig. 2.8,
where the PSEs calculated for a reference weight of 360 g decrease as the gear ratio
increases. The PSEs are plotted with error bars corresponding to plus/minus one
standard deviation. The PSEs calculated from the second experiment can be seen in
Fig. 2.9 which shows that higher gear ratios have a significant effect on PSE, but the
effect seems to saturate for ratios above 4:1. For all ratios, a t-test was performed
against the reference weight of 360 g. All ratios, except for 1:1 and 1.6:1, have PSEs

significantly different from 360 g (p<0.05) after a Bonferroni correction for multiple
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Table 2.1: Linear mixed-effects model components

Factor Categorical/ Within/ df
Continuous  Between Subjects

Fixed Effects

Gear Ratio Continuous ~ Within 1
W Continuous ~ Within 1
PA Continuous  Within 1
First Lift Categorical ~ Within 1
A(PSE) Continuous ~ Within 1
Random

Subject Categorical - 12

W is weight of variable-weight object, PA is peak acceleration, A(PSE) is absolute
difference between weight of variable-weight object and the measured PSE, df is
degrees of freedom

comparisons.

The results of a generalized linear mixed-effects model for Experiment 1 showed
that the gear ratio has a statistically significant effect on the PSE (p<0.05) with a
coefficient of -21.2 g 4+ 3.35 g and an intercept term of 351.9 g + 8.7 g. Using the
same model on Experiment 2 for all gear ratios, we found that the gear ratio had a
significant effect on PSE (p<0.05), but when the model is analyzed for gear ratios
above 2:1 (4:1, 6.2:1, and 8:1), we found that gear ratio no longer has a significant
effect (p>0.05). This shows there is a saturation of the effect of amplified skin de-
formation on perceived weight above ratios of 4:1. We theorize that this is due to
saturation in the stretch of the skin of the finger pad. In our case, the saturation
of the stretch of the skin appears to occur when the tactile force felt by the user is
greater than 5.6 N on each finger pad which comes from calculating the force on each
finger pad when lifting a 285.4 g object using thimbles containing gears with a 4:1
gear ratio.

Number of lifts. From our generalized linear mixed-effects model used to analyze

the number of lifts in total, combined for both objects per trial, we found a significant
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Figure 2.9: Subjects’ Point of Subjective Equality (PSE) when comparing a
variable-weight object with a reference object weighing 360 g from Experiment 2.
Amplified gear ratios continue to have an effect on a user’s perception of weight at
higher ratios, although the effect starts to saturate above gear ratios of 4:1. This is
possibly due to the limits in the stretch of the skin of the finger pad. The asterisk (*)
denotes statistical significance after Bonferroni correction for multiple comparisons
for PSEs for all participants in Experiment 2 when compared to the reference weight
of 360 g.

effect from both the gear ratio (p<0.05) and A(PSE) (p<0.05).

Peak grip force rate. For the peak grip force rate, we also found the gear ratio to
have a significant effect for both the reference object and the variable-weight object
(p<0.05). The weight of the variable-weight object only had a significant effect on
peak grip force rate for the variable-weight object (p<0.05) but not on the peak grip
force rate for the reference object (p>0.05).

Peak grip force during lift. For the peak grip force during a lift of the reference

object, the gear ratio, weight of the variable weight object, peak acceleration and first
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Table 2.2: PSEs for each skin deformation amplification ratio calculated from both
experiments

Experiment Ratio N Mean PSE (g) STD (g)

(N:1)  with Reference Weight 360 g

1 350.2 32.2

1 1.6 339.2 35.1

(8 sub- 2 336.7 31.3

jects) 3.1 308.1 30.6

4 287.7 18.2

9 2 296.7 31.3

b 285.4 15.3

jects) 6.2 272.1 13.8

8 272.9 35.1

lift indicator had a significant effect (p<0.05). For the variable weight object, the gear
ratio, weight of the variable weight object, and first lift indicator had a significant
effect on the peak grip force, while the peak acceleration did not (p>0.05).

Peak acceleration during lift. Lastly, analyzing the peak acceleration during a lift,
we found that the gear ratio and first lift indicator had significant effects on both the
reference object and the variable-weight object (p<0.05). The weight of the variable-
weight object had a significant effect on the peak acceleration of the variable-weight
object (p<0.05) but did not have a significant effect on the peak acceleration of the
reference object(p>0.05).

A statistical summary of each GLME model can be seen in Table 2.3, and the
resulting estimated coefficients of the fixed effects can be seen in Table 2.4

We chose to quantify the amount of influence the tactile sensation has on weight

perception by fitting a simple function
POE =w+ PSE*x N+ (1 —w)x PSE (2.1)

where POF is the Point of Objective Equality (i.e., the reference weight), N is the
gear ratio, and w is the tactile contribution coefficient, to the PSEs from Experiment

1. The fit resulted in a weighting coefficient of 0.083 with an r-squared value of 0.94.
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Figure 2.10: Our first order approximation for perceived weight with a tactile
contribution coefficient of 0.083 plotted with the resulting fit of the GLME and the
data from both experiments.

The function can be seen plotted in Fig. 2.10 along with the results from Experiments
1 and 2 as well as the resulting GLME fit. The PSEs from Experiment 2 were excluded
from the tactile contribution coefficient fit due to the saturation of the effect of skin
deformation amplification which causes the tactile contribution coefficient to drop to
less than 0.05 at a gear ratio of 8:1. Fig. 2.11 shows the tactile contribution coefficients

plotted for each gear ratio.

2.3 Discussion

Perceived weight. The PSEs generated from both experiments show that amplifying
the amount of skin deformation during a grasp-and-lift task makes an object feel

heavier. Using non-electro-mechanical thimbles for the experiment gives an advantage
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Figure 2.11: As the gear ratio increases and the effect of skin deformation becomes
saturated, the tactile contribution coefficient drops to less than 0.05. The discrep-
ancy at the 2:1 ratio may be caused by fewer subjects participating in the second
experiment, which has a wider range of gear ratios.

over an electro-mechanical system by eliminating any transient effects that a controller
or power supply could have on the experimental results. Similarly, by having the
objects wirelessly transmit data, we eliminate any unintended weight or inertial effects
a cable might have on the results.

By fitting a generalized linear mixed-effects model, we found that amplifying
skin deformation has a statistically significant effect on weight perception. To deter-
mine the relative contributions of skin deformation and kinesthetic force on perceived
weight, we developed a simple function based on the influences of each. The fit of
the first-order approximation resulted in a tactile contribution coefficient of 0.083.
For ratios above 4:1, there is a slight roll-off due to saturation of the effect of skin

deformation on perceived weight. The discrepancy between PSEs for the 2:1 ratio
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may be caused by fewer subjects participating in the second experiment, causing an
outlier to have a larger effect on the calculated value.

The saturation of the effect of skin deformation on weight perception can be at-
tributed to the limits of skin pliability of the finger pad. We theorize that the increase
in applied normal force required to lift an object that is picked up with mechanical
thimbles that are amplifying the shear skin deformation forces, contributes to the sat-
uration of the skin deformation in conjunction with the applied shear forces. Such an
increase in normal force will cause the finger pad to deform in the normal direction,
thereby limiting the amount the finger pad can deform in the shear direction. If we
used a material with higher friction, thus lowering the required normal force to lift, it
could change the magnitude of the shift in perceived weight under skin deformation
amplification.

Though the weight of the mechanical thimbles are not negligible, with each weigh-
ing about 50 g, we believe they are comparable to those of current skin deformation
feedback devices [1,13,47] and still help inform the design of new skin deformation
feedback devices.

Number of lifts. In analyzing the total number of lifts per trial, we reason that
the number of lifts corresponds to how easy it is to choose which object feels heavier
during the trial. Thus, we included the difference in weight of the variable-weight
object from the PSE in our GLME model, theorizing that as the weight approached
the fit of the GLME, per the staircase method, the choice would become more difficult
for subjects and thus the number of lifts would increase. The resulting coefficient from
the GLME model, shown in Table 2.4 supports this theory only to the degree that the
number of lifts does increase as the weight of the variable-weight object gets closer
to the PSE.

Peak grip force rate. The results from the GLME model for peak grip force rate
show that the gear ratio has a similar sized effect on both objects, though only the
thimbles lifting the variable-weight object have the amplification of force. For the
peak grip force rate of the variable-weight object, weight also had a significant effect.
This could be due to the gear train traveling more along the object as the skin of

the finger pad stretches, possibly inducing a more rapid increase of force for heavier
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objects, more so at higher gear ratios and larger weights.

Peak grip force during lift. From the analysis of the peak grip force during a lift, it
is interesting to note that the gear ratio had a significant effect on both objects albeit
much less of an effect on the reference object. This effect of the gear ratio causing an
increase in grip force on the reference object, which is always lifted with a 1:1 gear
ratio, is possibly due to the expectation of a heavier feeling weight from interactions
with the variable-weight object and the force-amplifying thimbles. When considering
the larger positive effect from the first lift indicator, it appears that subjects, after
lifting the object once, lessened their grip force, thus reducing the amount of strain
on the finger pad caused by the normal force to possibly elicit more of the tactile
sensation.

Acceleration during lift. The results of the GLME model for peak acceleration
also show an increase in object acceleration after the first lift for both objects sup-
porting the modulation of grip force and acceleration in an exploratory strategy when
discriminating the weight of two unknown objects. The negative effect of the weight
of the variable-weight object on its own peak acceleration suggests that subjects have
a predetermined lifting force that underestimates the weight of the object. Seeing an
effect of gear ratio on the acceleration of both objects, albeit in opposite directions,
is interesting. The gears amplify the forces felt on the finger pad but do not affect
the kinesthetic load experienced by the subject.

2.4 Conclusion

We performed experiments to measure the change in subjects’ weight perception
when the skin deformation of their finger pads was amplified. We designed non-
electrical (passive) mechanical thimbles with interchangeable gears that amplified
the skin deformation felt by a user when grasping and lifting an object. We also
designed instrumented objects which measured grip force and vertical acceleration.
In the first experiment, we measured a subject’s changed perception of the weight
of a variable-weight object compared with a reference object weighing 360 g, and

we repeated the comparison using five different gear ratios of 1:1, 1.6:1, 2:1, 3.1:1,
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and 4:1. We furthered this investigation in a second experiment where we repeated
the comparisons using gear ratios of 2:1, 4:1, 6.2:1, and 8:1. We found that the
change in perceived weight for a reference weight of 360 g becomes saturated for skin
deformation amplification ratios above 4:1 with a PSE of 285.4 g. Using this value,
we calculated the shear force on each finger pad to be 5.6 N in a quasi static holding
grasp.

We analyzed the lifting metrics of total number of lifts, peak grip force rate, peak
grip force, and peak acceleration and found the gear ratio had a significant effect on
each one. We also found that for trials where the subject lifted each object more
than once, the subject reduced their grip and increased their acceleration, likely in
an attempt to elicit more tactile sensation.

These results inform the design and control of wearable skin deformation feedback
devices by giving insight into how our perception of weight changes as the skin de-
formation is increased. This is important for wearable tactile haptic feedback devices
using skin deformation because the kinesthetic load for the user does not change while

rendering the skin deformation forces associated with picking up a virtual object.



Chapter 3

Augmentation and Replacement of
Skin Deformation Feedback with
Vibrotactile Contact Cues

In Chapter 1, we reviewed several wearable skin deformation feedback devices. All
these devices lack a kinesthetic force that prevents the finger from penetrating too
far into a virtual surface, which causes the devices to saturate their force output
and creates an unrealistic experience for the user. While users can learn over time
to grasp a virtual object in a more gentle manner to avoid penetrating too deep
into the virtual object, we consider if there is a way to intrinsically help the user
moderate their grip by providing a haptic contact cue in addition to skin deformation
feedback. Furthermore, we want to investigate the effect of the contact cue without
skin deformation feedback in the normal-to-the-fingerpad direction on virtual object
penetration. Doing so informs whether we can replace the normal-to-the-fingerpad
feedback with a contact cue in an effort to reduce the complexity of skin deformation
devices.

In this chapter, we investigate whether augmenting our current skin deforma-
tion feedback device, a fingertip wearable device with three translational degrees of
freedom shown in Fig. 3.1, with contact event-based haptic methods could reduce

the penetration depth, and thus the virtual grip force, when manipulating a virtual

36
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Figure 3.1: For this study, participants wore 3-DoF skin deformation devices on
their index finger and thumb modified from [14], with the addition of a piezoelectric
actuator embedded in each end-effector. These actuators provide one of the two
vibrotactile contact cues we tested.
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object. We also investigate whether using these contact cues could serve as a replace-
ment for skin deformation feedback normal-to-the-fingerpad, in an effort to reduce
the complexity and cost of current multi degrees of freedom (DoF) skin deformation
feedback devices. We chose two contact event-based haptic cues (contact cues): a
fixed-width force pulse (impulse) rendered through the skin deformation device and a
decaying sinusoid rendered through a piezoelectric actuator. The impulse is meant to
mimic the lower frequency, higher displacement component of skin deformation that
occurs when contacting an object, i.e., the noticeable skin deformation in the direc-
tion of contact, while the decaying sinusoid is meant to mimic the higher frequency,
lower displacement component of transient accelerations that occur when contacting

an object.

3.1 Contact Cues

Vibration feedback has been used to enhance haptic perception of teleoperated robots
and virtual environments, particularly when making contact with a surface or object.
One method that was explored began with collecting real-world data on the vibrations,
forces, and velocities that occur when using a stylus to tap on various materials, stroke
a variety textures, and puncture membranes (as might be done in medical procedures).
From this data, empirical models were created of vibration waveforms and it was
shown that users interacting with this vibration feedback system performed better
than chance in a virtual surface discrimination task [51]. This work was continued,
showing that using a decaying sinusoid as an approximation for the contact vibrations
still allowed users to identify three different virtual materials when rendering vibration
alone [52]. Using a simpler method, Hwang et al. [53] showed that they could increase
effective stiffness by rendering a short force pulse through the haptic device. Event-
based haptic feedback has been shown to improve the realism of contact events;
Kuchenbecker et al. [38] used an inverse model of a desktop-based haptic device to
render prerecorded acceleration profiles that resemble transients that occur when
tapping an object with a stylus. This method was compared to previous methods of

rendering decaying sinusoids and open-loop force pulses. All three methods showed an
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improvement in the realism of the tapping and a decrease in virtual object penetration
depth over traditional haptic rendering, which uses no contact cue.

Based on this result from [38], we chose, for our experiments, two different contact
cues: a fixed-width force pulse (impulse) and a decaying sinusoid. To render the
decaying sinusoid, we decided to augment the device with a piezoelectric actuator
in the end-effector because the contact vibrations we chose require a bandwidth of
100 Hz or more, which is much higher than the capabilities of our wearable skin

deformation device.

3.2 Study Description

The purpose of this study was to determine if reducing the degrees of freedom of skin
deformation feedback and adding vibrotactile contact cues had any effect on a user’s
ability to complete a grasp-lift-and-place task with a “fragile” virtual object. This
grasp-lift-and-place task of a “fragile” virtual object involves the dynamic movement
of an object while having users focus on virtual grip force and, therefore, penetration
depth into the virtual object. It simulates actions we perform on a regular basis in
the real world while also providing a task which can be accomplished with no haptic
feedback to be used for comparison.

A total of 18 participants (9 male and 9 female) between the ages of 19 and 31
participated in this experiment after giving informed consent. All 18 participants
were right-hand dominant. The protocol was approved by the Stanford University

Institutional Review Board.

3.2.1 Device

The skin deformation devices used for this experiment were modified from the ones
presented in [14]. Each wearable device provides three translational degrees of freedom
of skin deformation force feedback to the user’s fingertip — two degrees of freedom in
shear directions and one degree of freedom normal to the fingerpad. Three motors

with encoders are located on the backside of the finger and actuate the joints of the
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Figure 3.2: (a) The piezoelectric actuator is embedded inside the end-effector of
the skin deformation device to provide the decaying sinusoid contact cue. (b) The
piezoelectric actuator is covered to maintain the contour of the end-effector as it
presses against the fingerpad. The cover is attached only to the piezoelectric actuator,
making it free to move relative to the end-effector when displaying the sinusoidal
contact cue.

delta mechanism using a bias-spring-tether transmission. The aluminum base of the
device slides onto finger interfaces that are sized for the participant. See Fig. 3.1.
The strap of the finger interface is wrapped around the middle of the user’s finger,
and the finger interface contacts the back and sides of the user’s fingertip. Once the
devices are fixed to the user’s index finger and thumb, the neutral position of each
device (desired position of the end-effector when rendering zero force) is set so the
end-effector barely makes contact with the fingerpad. A PowerHap 7G piezoelectric
actuator made by TDK was embedded in the end-effector of the device as shown in
Fig. 3.2.

A probe from an Ascension 3D Guidance trakSTAR system was fixed to each
finger interface and measures the position and orientation of the fingers with an
update rate of 200 Hz. The virtual environment was rendered using the CHAI3D
framework [54] and had an update rate of 1.6 kHz. The environment was displayed
to participants on an Oculus Rift DK2 head-mounted virtual reality system. The

devices are position-controlled and have a 10 Hz bandwidth. The controller takes the
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Figure 3.3: The device was mounted horizontally, with the accelerometer attached
to the end-effector to measure the accelerations of the contact cues.

forces calculated using the physics engine of CHAI3D in the virtual environment and
converts them into desired device positions using a constant of 2.1 mm/N, which is
based on the reported mean lateral stiffness of the fingerpad [55]. Because this is a
position-controlled device with a fixed force-to-displacement gain, the virtual weights

and forces applied to the participants are specific for this set-up.

3.2.2 Haptic Conditions

The haptic conditions tested in this experiment combine two elements: skin deforma-
tion feedback and contact cues (Table 3.1). The skin deformation feedback category
is composed of three conditions: no skin deformation feedback, shear-only skin defor-
mation feedback, and shear-plus-normal skin deformation feedback. The shear-only
skin deformation feedback condition rendered force feedback to the user using only
the two shear degrees of freedom of the skin deformation devices (Conditions 4, 5,

and 6). The normal force was set to a small value of 0.25 N to ensure the end-effector
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Figure 3.4: The impulse contact cue (ICC) signals and the sinusoidal contact cue
(SCC) signals (in orange) and the resulting accelerometer measurements (in blue) for
each device (finger and thumb).

contacted the finger and did not slip when rendering the shear forces. The shear-
plus-normal skin deformation feedback conditions (Conditions 7, 8, and 9) used all
three degrees of freedom of the skin deformation devices.

The contact cue category is also composed of three conditions: no contact cue
(NoCC), an impulse contact cue played through the skin deformation device rendered
in the normal-to-the-fingerpad direction (ICC), and a decaying sinusoid contact cue
(SCC) rendered with a piezoelectric actuator, embedded in the end-effector of the
skin deformation device shown in Fig. 3.2. We used the device itself to produce the
impulse (Conditions 2, 5, and 8), but, since we have limited bandwidth, we chose an
additional actuator to play the decaying sinusoid (Conditions 3, 6, and 9). The signal
used to render the decaying sinusoid consisted of two sequential impulses, with the
second impulse having a smaller amplitude than the first. For the impulse contact cue

condition, the skin deformation device was given a 0.3 N force signal normal to the
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Figure 3.5: The task for the experiment consisted of grasping a virtual block (a),
lifting the block (b), passing it through a hoop (c), and then placing the block back
down on the table.

Table 3.1: The nine haptic conditions combine skin deformation feedback and con-
tact cues

Condition | Skin Deformation Feedback Contact Cue
1 None
2 None Impulse Force
3 Decaying Sinusoid
4 None
5 Shear directions only Impulse Force
6 Decaying Sinusoid
7 N
Shear directions one
8 ) i Impulse Force
plus normal direction - - :
9 Decaying Sinusoid

fingerpad in addition to the forces rendered from the haptic interactions for 30 ms.
Since the end-effector is set to make contact with the user when rendering zero force,
we eliminate the inherent contact cue provided by the device when rendering forces
in the normal-to-the-fingerpad direction. Neither contact cue signal amplitude was
varied based on velocity. The experimenters reasoned that the approaches to grasping
and lifting a “fragile” virtual block would be of a low velocity contact and thus
some signals would not be noticeable if the amplitude varied with velocity. Instead
the amplitudes of each signal were chosen so that the contact cues felt similar in

magnitude on the finger.
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An accelerometer was attached to each end-effector to record the accelerations of
the contact cues. Measurements were taken at 17 kHz with a ADXL335 three-axis
accelerometer. The on-board capacitors were replaced to increase the cutoff frequency
of the RC filter from 50 Hz to 500 Hz. The devices were mounted horizontally using
a finger interface for the device (Fig. 3.3). Fig. 3.4 shows signals used to command
the skin deformation device and the piezoelectric actuator, along with the resulting

acceleration waveforms.

3.2.3 Procedure

Prior to the start of the experiment, participants were given three minutes to interact
with a virtual block while wearing the skin deformation devices to help familiarize
them with the devices and the virtual reality headset. During this time, all three
degrees of skin deformation feedback were rendered and no contact cues were rendered.

For the experiment, participants were asked to complete a grasp-lift-and-place
task with a “fragile” virtual block without breaking it. Each participant performed
this task under all nine haptic conditions. The order that the haptic conditions were
presented to participants was based on Latin squares. For each of the nine conditions,
participants completed 30 trials, for a total of 270 trials. For each haptic condition, the
30 trials were divided into three 10-trial segments, and for each segment, participants
used one of three different weighted blocks (100 g, 200 g, and 300 g). The order of
the 10-trial segments was pseudo-randomized.

A single trial consisted of grasping a virtual block from the right-hand side of
a virtual table, lifting it up, passing it through a 5 ¢cm x 5 ¢m hoop rendered 10
cm in the air at the center of the table, and placing it in a square on the left-hand
side of the table, as shown in Fig. 3.5. The color of the hoop turned from blue
to green when the block passed through. There was no haptic feedback rendered
from interactions with the hoop. Participants were informed at the end of each trial
whether or not they “broke” the virtual block by squeezing it too hard. Each of the
three different weighted blocks had their own grip force thresholds for determining
a break; the thresholds were selected from pilot data and are 1.62 N, 1.70 N, and
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1.93 N corresponding to the 100 g, 200 g, and 300 g blocks respectively. Before the
start of each 10-trial segment, participants were informed of the weight of the block
verbally by the experimenter with the labels “light,” “medium,” and “heavy,” but
participants were not informed of which haptic condition was being rendered during
the trial.

At the end of each haptic condition, participants were asked to rate the realism
of the condition on a scale of 1 to 7 with 1 being “not real” and 7 being “real.”
Participants took a two-minute break between haptic conditions and a five-minute
break after the fifth haptic condition. Data from the virtual environment was recorded
at 300 Hz during each trial.

3.3 Results

During the experiment, we recorded position data of the magnetic tracker for each
finger, the interaction forces to be rendered on the haptic devices, and the position
of the virtual block for each trial, along with whether or not the virtual block was
“broken” during the trial. The total number of breakages by condition can be seen
in Fig. 3.6. The total number of breakages by order of presentation can be seen
in Fig. 3.7. Using the virtual force data, we calculated the maximum grip force
when completing the task, i.e., moving the virtual block through the hoop. We
then averaged the maximum grip force across all trials and all participants for each
condition (Fig. 3.8). We also calculated the maximum grip force that occurred before
the block was lifted off the virtual table and averaged this across all trials and all
participants for each condition (Fig. 3.9).

We fit a generalized linear mixed-effects model to analyze effects of each haptic
condition on max grip force during the lift, max grip force before the lift, and number
of breakages, using the FitGLME function in MATLAB. We used an identity link
function and assumed a normal distribution, as seen in Equation (3.1), for the two
grip force models where Dy is the dependent variable used for the fit. In the case of

modeling the breakages, we used a logit link function for a binomial distribution as
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Figure 3.6: There is a significant drop in the number of broken blocks when
participants were given shear-plus-normal skin deformation feedback.
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Figure 3.7: The number of broken blocks is larger for haptic conditions presented
later in the experiment, suggesting participants may have experienced some fatigue.
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Figure 3.8: The max grip force during the task was averaged across all participants
and is shown here with errorbars representing plus/minus one standard deviation
and the dashed lines representing the force threshold used for the breaking of the
virtual objects. The max grip force is significantly lower for shear-plus-normal skin
deformation feedback (Conditions 7, 8, and 9) than for the no skin deformation
feedback condition (Condition 1).
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Figure 3.9: The max grip force before liftoff was averaged across all participants
and is shown here with errorbars representing plus/minus one standard deviation
and the dashed lines representing the force threshold used for the breaking of the
virtual objects. The max grip force before liftoff is significantly lower for all haptic
conditions except Condition 4 (the shear-only skin deformation feedback condition
with no contact cue) than for the no feedback condition (Condition 1).
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seen in Equation (3.2). We modeled the haptics conditions using four indicator vari-
ables. Those four indicator variables, Hgo for shear-only skin deformation feedback,
Hgy for shear-plus-normal skin deformation feedback, H;c¢ for the impulse rendered
through the skin deformation device, and Hgco for the decaying sinusoid rendered
through the piezoelectric actuator, are used to represent the combinations of skin de-
formation feedback and contact cues. The “:” denotes the interaction effects between
two variables. Each indicator variable was assigned either 1 or 0 depending on which
haptic condition was being rendered for a particular trial. The no skin deformation
and no contact cue condition was coded as 0’s in all four indicator variables. The
weights of the block were coded as two indicator variables, Hj; for the “medium”
block and Hy for the “heavy” block, with the “light” block occurring when H,; and

Hy are set to 0.

Dy = Bo+ Bu(Hwy) + Bu(Hnu)
+ Brec(Hice) + Bscc(Hsco)
+ Bso(Hso) + Bsn(Hsn)
+ Bsoacc(Hso : Hice) (3.1)
+ Bso.scc(Hso : Hsco)
(Hsn : Hroo)
Hsy : Hsoo)

+ Bsn:rce

+ Bsn.scel
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log = fo + Bu(Hur) + Bu(Hp)

Dy
1— Dy
+ Brec(Hice) + Bsce(Hsec)
+ Bso(Hso) + Bsn(Hsn)

+ BSO:]CC(HSO . HICC) (32)

+ Bso:scc(Hso : Hsee)
+ Bsn.co(Hsn - Hioc)
+ Bsn.sco(Hsn : Hsee)

We then sum the coeflicients of the four indicator variables and the interaction
effects, as seen in Equation (3.3), to get the total effect of each combination of skin

deformation feedback with each contact cue.

Bsow) 1cc = Bso + Brcc + Bso:rcc
Bsow)scc = Bso + Bscc + Bso.sce
Bsn w/ 1cc = Bsn + Bree + Bsn:rce

Bsnw/ scc = Bsn + Bscc + Bsn.scc

The coefficients of each generalized linear mixed-effects model, including the in-
teraction terms, can be found in Figs. 3.10, 3.11, and 3.12 with asterisks representing
a significant difference (p<0.05) compared to the reference condition, which is lifting
the “light” block with no skin deformation feedback and no contact cue.

The realism ratings for each condition were also averaged across all participants
and are plotted in Fig. 3.13. We tested for significant effects of skin deformation
feedback and contact cues on the realism rating using a Friedman Test which is a
non-parametric alternative to the one-way ANOVA used when the dependent variable
is ordinal. We found that skin deformation feedback has a significant effect on realism

rating (p< 0.01) while the contact cues did not have a significant effect (p = 0.72).
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The coefficients of the GLMEs, presented in Equation (3.1) and

Equation (3.3), modeling the max grip force throughout the task are shown here.
The values below the horizontal line represent the interaction effects between skin
deformation feedback conditions and the vibrotactile feedback conditions. Condition
1 is not presented because it is the reference condition for GLME. The *’s represent
coefficients significantly different (p < 0.05) from the no feedback condition, Condition
1. The errorbars represent the 95% confidence interval reported by the fit of the

GLME.
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Figure 3.11: The coefficients of the GLMEs, presented in Equation (3.1) and
Equation (3.3), modeling the max grip force before liftoff are shown here. The values
below the horizontal line represent the interaction effects between skin deformation
feedback conditions and the vibrotactile feedback conditions. Condition 1 is not
presented because it is the reference condition for GLME. The *’s represent coefficients
significantly different (p < 0.05) from the no feedback condition, Condition 1. The
errorbars represent the 95% confidence interval reported by the fit of the GLME.
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The coefficients of the GLMEs, presented in Equation (3.2) and
Equation (3.3), modeling the likelihood the virtual block was broken are shown here.
The values below the horizontal line represent the interaction effects between skin
deformation feedback conditions and the vibrotactile feedback conditions. Condition
1 is not presented because it is the reference condition for GLME. The *’s represent
coefficients significantly different (p< 0.05) from the no feedback condition, Condition
1. The errorbars represent the 95% confidence interval reported by the fit of the
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Using a Mann-Whitney U test for post hoc analysis, the results show that the shear-
plus-normal skin deformation feedback was significantly different from both shear-only
skin deformation feedback (p< 0.01) and no skin deformation feedback (p< 0.01), and
the results show that shear-only skin deformation feedback was significantly different

from no skin deformation feedback (p< 0.01).

3.4 Discussion

The results of this experiment show that a user is significantly less likely to break the
virtual block when receiving shear-plus-normal skin deformation feedback (Condition
7). The results also show that the haptic conditions combining shear-plus-normal
skin deformation feedback with a vibrotactile contact cue (Conditions 8 and 9) sig-
nificantly reduce the likelihood of breaking the virtual block. However, the primary
effect for shear-plus-normal skin deformation feedback with a vibrotactile contact cue
(Conditions 8 and 9) on likelihood of breaking the block comes from the shear-plus-
normal skin deformation feedback and not from the contact cue or from the interac-
tion between the two. This is because, as seen in Fig. 3.12, Bgy is larger than Srcc,
Bscco, and the interaction coefficients, Ssy.;cc and Bsn.scco. It is noteworthy that
the shear-only skin deformation feedback combined with the contact cue rendered
through the piezoelectric actuator (Condition 6) also significantly reduces the user’s
chance of breaking the block. When looking at the interaction terms, we see that the
interaction between shear-only and both contact cues (Conditions 5 and 6) have a
significant effect on reducing the chance of breaking the block. We also see that the
medium weight block has a significant effect on the likelihood of breaking the virtual
block. This can be attributed to the breaking threshold not being equally spaced
between the light block and the heavy block. These thresholds were determined from
a pilot study and thus do not have a linear relationship with virtual weight.

Fig. 3.11, the maximum grip force before the virtual block is lifted off the table,
shows that all the tested conditions, except for the shear-only skin deformation feed-
back condition (Condition 5), have a significant effect on reducing the maximum grip

force applied to the block before liftoff. This result concurs with the results presented
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Figure 3.13: The realism rating for each haptic condition was averaged across all
participants and is shown here with errorbars representing the standard error. The
addition of shear-only (Conditions 4, 5, and 6) and shear-plus-normal (Conditions
7, 8, and 9) skin deformation feedback significantly increases the realism rating (p
< 0.05), denoted above by the *’s, while the addition of an impulse contact cue
(Conditions 2, 5, and 8) or a sinusoidal contact cue (Conditions 3, 6, and 9) has no
significant effect on the realism rating.
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in [38] where adding a contact cue reduces the penetration depth into the virtual
objects. The absence of a significant effect from Condition 5 is expected because
shear-only skin deformation feedback is the only haptic condition that does not apply
any feedback until the block is starting to lift off the table. This means that the shear
forces experienced during the lifting of the block are not enough feedback to reduce
the maximum grip force experienced by the block. When looking at the interaction
terms between the types of skin deformation feedback and the contact cues, we see
that there is a significant effect for combining shear-plus-normal skin deformation
feedback and both contact cues. However the coefficient is positive with relatively
the same magnitude as both the shear-plus-normal skin deformation feedback and
each contact cue by itself. This suggests that when combining shear-plus-normal skin
deformation feedback with a contact cue, their effects do not add together; rather
one of the two feedback modalities dominates the effect on max grip force before
lift off. We also notice that the coefficients for the haptic conditions which combine
shear-only skin deformation feedback and each of the contact cues (Conditions 5 and
6) are significantly lower than the reference condition (Condition 1), but the inter-
action terms are not significant. This suggests that the majority of the effect of the
combination of shear-only skin deformation and contact cues on max grip force before
liftoff comes from the contact cue.

While the addition of either contact cue does significantly reduce the grip force
before liftoff, and thus the initial penetration depth, only Conditions 6, 7, 8, and
9 have a significantly lower max grip force through the task. Interestingly, neither
contact cue on their own is enough to help the participant stay below the grip force
breaking threshold, however, when the decaying sinusoid contact cue is combined
with shear-only skin deformation (Condition 6), the max grip force is significantly
lower than the no feedback condition. Because there is no significant effect of either
contact cue on their own, the significant effect of Conditions 8 and 9 are a result of the
shear-plus-normal skin deformation feedback which provides the user with constant
feedback on grip force throughout the task.

The results of the post hoc analysis on realism shows that reducing the degrees of

freedom of skin deformation feedback reduces the realism of the interaction with the



CHAPTER 3. AUGMENTATION AND REPLACEMENT o8

virtual environment in a grasp-lift-and-place task. It is surprising that the addition
of contact cues did not have a significant effect on realism in this experiment as it has
in past studies [38]. This could be due to the relatively low displacement amplitude of
the piezoelectric actuator or not varying the amplitude of each contact cue condition
with velocity. There does appear to be more of an effect on realism with contact cue
over the no feedback condition, but once combined with skin deformation, that effect
is minimized.

It is worth noting that we see a rise in the number of breaks that occur based on
the order of haptic condition (Fig. 3.7). This suggests that participants may have
experienced some fatigue toward the end of the experiment. We do not believe this
has an effect on the analysis, as the order of the haptic conditions were presented

based on a Latin squares.

3.5 Conclusion

We performed an experiment to determine if augmenting or replacing the normal
degree of freedom of skin deformation feedback with contact cues had any effect on
the ability to complete a grasp-lift-and-place task with a “fragile” virtual block. We
modified an existing fingertip wearable skin deformation device with a piezoelectric
actuator embedded in the end-effector. During the experiment, we asked participants
to grasp, lift, and place a “fragile” virtual block without breaking the object when
receiving nine different combinations of skin deformation feedback and contact cues.

We fit two different generalized linear mixed-effect models to the maximum grip
force during the task, the maximum grip force before liftoff, and the number of bro-
ken blocks to assess the effects of each feedback modality and the combinations of
feedback modalities. We found that shear-plus-normal skin deformation feedback
significantly improves users’ ability to grasp, lift, and place a “fragile” virtual block
without breaking it, compared to receiving no feedback or contact cues. We also
found that providing shear-only skin deformation feedback with a sinusoidal con-
tact cue, rendered through a piezoelectric actuator embedded in the end-effector,

improves users’ ability to complete the grasp-lift-and-place task without breaking the
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virtual block compared to receiving no feedback. We also found that providing shear-
plus-normal skin deformation feedback lowered the maximum grip force that occurs
throughout the grasp-lift-and-place task. When analyzing the grasping element of the
task, we found that all feedback modalities except for the shear-only skin deformation
feedback condition (Condition 5) had a significant effect lowering the maximum grip
forces that occur before liftoff of the virtual block. Lastly, we asked participants to
give a realism rating on each haptic condition and found that both shear-only skin
deformation feedback and shear-plus-normal skin deformation feedback increase the
realism of the haptic interactions with the virtual blocks, while the contact cues did
not have a significant effect on realism.

These results suggest that it is possible to replace the normal degree of freedom
on a 3-DokF skin deformation device and still be able to provide useful haptic feedback
for a fine manipulation task. This could lead to cheaper and lighter wearable haptic

devices, as it would reduce the complexity by eliminating a degree of freedom.



Chapter 4

Altering Virtual Weight
Perception when using Skin

Deformation Feedback

When designing wearable skin deformation devices, the term “lightweight” is often
stated as a design goal. A device that is too heavy can be cumbersome for users and
can affect their experience and perception. Thus, designers often choose small motors
that have limited force output. This, in turn, places a limit on the virtual weight that
is able to be rendered when manipulating objects in virtual reality using these devices.
Adding gearboxes would increase the maximum available force but would decrease
bandwidth and increase the weight of the device. Therefore, there is a need for
methods to increase the virtual weight that can be conveyed without radical changes
to hardware. In this chapter, we explore using weight illusions in virtual reality to
alter the weight perception of virtual objects when being manipulated using skin
deformation feedback devices. In the first of two studies, we describe and implement
a novel haptic weight illusion in which we scale the inertial force that occurs during
object manipulation to increase the perceived virtual weight by increasing the mass
of the virtual object and decreasing the gravity of the virtual environment. From
previous work described in Section 1.3.1, we know that inertia tensors have an effect on

the perceived weight, or heaviness, of an object [27]. While the contribution of inertia

60
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tensors in weight perception is presented in the context of increased muscular forces
required to move an object in a controlled manner, we believe the tactile sensation will
be enough to effect users’ weight perception in virtual reality when using wearable
skin deformation devices. In the second study, we investigate using scaled inertial
forces for decreasing virtual weight by decreasing the mass of the virtual object and
increasing the gravity of the virtual environment. In parallel, we measure the effects
of the combinations of scaled inertial forces with a visuo-haptic weight illusion, non-
unity control-to-display ratio, in both complementary and conflicting manners. The
use of a non-unity control-to-display ratio was first introduced by Dominjon et al. [31]
with a kinesthetic haptic device. The use of non-unity control-to-display ratio was
expanded upon by Schorr [14] with wearable skin deformation haptic devices. The

inertial scaling study (Section 4.2) was published in [15].

4.1 Device

The skin deformation haptic feedback device used in this study is similar to the
device described in Chapter 2, with the main difference being the end-effector; for the
following two studies in this chapter, the end-effector used did not have a piezoelectric

actuator. The modified device can be seen in Fig. 4.1.

4.2 Study 1: Inertial Scaling

4.2.1 Study Description

The purpose of this study was to determine the effect of scaled inertial forces on virtual
weight perception with skin deformation feedback. The experiment consisted of three
parts: an open response exercise, training trials, and experiment trials. The open
response portion of the experiment was used to assess how participants interpreted
the difference between virtual blocks when one of the blocks has scaled inertial force.
The training trials were used to familiarize the participants with performing virtual

weight discrimination using the wearable skin deformation devices. The open response
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Figure 4.1: (a) Participants wore two 3-DoF skin deformation devices, one on
their right hand index finger and thumb, during the experiment [14]. (b) The device
renders normal and shear forces to the fingerpad through the end-effector covered
with gecko-inspired dry adhesive. [15] (©) 2018 IEEE

portion was completed before the training trials so as not to influence the participants’
responses.

A total of 11 participants (8 male and 3 female) between the ages of 23 and 45
participated in this experiment after giving informed consent. 8 participants were
right-hand dominant and 3 participants were left-hand dominant. The protocol was

approved by the Stanford University Institutional Review Board.

4.2.1.1 Scaled Inertial Forces Rendering Algorithm

All blocks rendered throughout the experiment were cubes with 50 mm sides and a
virtual stiffness of 175 N/m.

To scale the inertial forces felt by the user, we first break down the desired rendered
weight, Wyendered, into its mass and gravity components; Myesired weight a0 Grarn =
(0,0,—9.8) m/s?.

Wrendered = Mdesired weight * 9Earth (41)

The mass of a virtual block is then scaled by the scaling factor, SF'.

Myendered = Mdesired weight * SF (42)
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B

Figure 4.2: Participants were asked to (a) grasp, (b) lift, and then (c) place each
virtual block on the other side of a virtual wall while determining which virtual block
felt heavier.

The virtual weight is then set to desired weight by scaling the gravitational acceler-

ation vector as shown below and in Fig. 4.3.

1
_’ren ered — S g, ar 4.3
Grendered SF JEarth (4.3)

Therefore,

Myendered * Grendered = Mldesired weight * 9Earth (44)

With the altered gravitation vectors used in this algorithm, virtual blocks will fall
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Figure 4.3: To scale the inertial forces of the virtual block, we increase the mass, m,
by a inertial scaling factor, SF', and decrease the gravity, g of the virtual environment
by that same factor to keep the virtual weight, « constant. [15] (© 2018 IEEE

at potentially noticeably different rates than a block under Earth’s gravity. To prevent
this visual cue from affecting the results, the mass of the block and the gravitation
vector are returned to their unscaled values when the user is not contacting the virtual
block.

As the virtual scene updates, the CHAI3D framework calculates interaction forces
between the virtual object and the haptic proxy point associated with each finger.

We transform these forces into desired positions using the following equation

Ldesired — O+ Flnteraction (45)

where &' pegireq 1S the desired position of the end-effector, av is the force to position gain

(2.1 mm/N in our case as mentioned previously), and Frpieraction 1S the interaction
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forces calculated by the CHAI3D framework. The inverse kinematics for the delta
mechanism are then solved to get desired joint angles. A proportional controller with

a gain of 1200 mNm/deg on the joint angle error is used to command motor torques.

4.2.1.2 Procedure

After familiarizing themselves with the devices, participants began the open response
portion of the experiment. Two virtual blocks, distinguished as “Block 1”7 and “Block
2”7 were presented one at a time to the participant. Both blocks were rendered with
a weight corresponding to 200 g on Earth, with one block having a mass of 200 g
and the other block having a mass of 600 g. This scales the inertial forces by a
factor of 3. Participants were instructed to grasp and lift the block presented to
them, and then place the block on the opposite side of a visually rendered wall, as
shown in Fig. 4.2. Once the virtual block was placed, the experimenter presented the
participant with the next virtual block and asked the participant to perform the same
movement. Participants were asked if there was any difference between the two blocks
as the experimenter switched between blocks several times, informing the participant
of which block was currently being rendered. We did not prompt participants to
think about weight, rather we wanted to know their first impression about what
was different between the two blocks. Participants’ responses to this open response
exercise were recorded by the experimenter and categorized.

The weight discrimination portion of the experiment consisted of 40 training trials
and two sets of 50 experiment trials using a two-alternative, forced-choice paradigm.
Each trial consisted of a reference block and comparison block presented in random
order. The training trials were rendered using standard gravitation forces, while
the experiment trials used the scaled inertial forces when rendering the comparison
weight. Data was not recorded during the training trials; subjects were given the
correct answer after answering which block felt heavier. Inertial scaling factors of 2
and 3 were used for the experiment. All trials used a reference weight of 200 g. The
training trials used comparison weights of 50, 125, 275, and 350 g and the experiment
trials used comparison weights of 50, 125, 200, 275, and 350 g. The comparison

weights were presented 10 times each in a randomized order.



CHAPTER 4. ALTERING VIRTUAL WEIGHT PERCEPTION 66

Table 4.1: PSEs and JNDs of virtual weight for each subject.

Subject Scaling Factor 2 Scaling Factor 3
PSE (g) JND (g) PSE (g) JND (g)

1 203.5 9.6 171.0 22.9

2 211.8 28.9 189.3 35.0

3 179.2 26.5 162.4 19.0

4 184.7 22.6 162.8 19.2

5 126.9 28.5 70.8 27.0

6 162.5 18.7 171.3 34.5

7 129.7 62.6 88.3 31.7

8 145.8 26.5 125.0 9.3

9 203.4 9.2 201.9 28.5
10 162.5 18.7 18.7 4.6
Mean 171.0 25.2 150.5 23.2
Std. Dev. 30.6 15.0 42.6 10.3

Participants were asked to grasp and lift the virtual block presented, then place
the virtual block on the opposite side of a visually rendered wall while determining
which block “overall felt heavier.” After grasping, lifting, and placing the first block,
participants pressed a button on a keyboard to switch to the second block. There
was no restriction on how many times the participant could grasp, lift, and place each
block before recording their answer using buttons on a keyboard. Answers were only
accepted when the second block of the pair was being rendered to ensure each block
in the pair was presented an equal number of times. The first block in the pair was
colored blue and the second block was colored red to give visual indication to the
participant which block they were lifting. The entire experiment took approximately
1 hour with two 10 min breaks: one between training and the first 50 experiment
trials, and one after the first 50 experiment trials. The scaling factor was fixed for

each block of 50 experiment trials.
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Figure 4.4: A sample psychometric curve from one participant’s data with an
inertial scaling factor of 3. Pyschometric curves were fit to each participant’s data to
calculate the PSE and JND for each scaling factor. [15] (© 2018 IEEE

4.2.2 Result

Of the 11 participants in this study, 9 responded that the virtual block with inertial
scaling felt “heavier” during the open response exercise portion of the experiment,
with one participant responding that the block with inertial scaling felt “bigger” and
one participant unable to describe any difference between the two virtual blocks.
Points of subjective equality (PSEs) and just noticeable differences (JNDs) were
calculated for each inertial scaling factor by fitting a psychometric curve to proportion

of “heavier” responses data using the sigmoid function:

(4.6)




CHAPTER 4. ALTERING VIRTUAL WEIGHT PERCEPTION 68

where y is the proportion of “heavier” responses, x is the comparison weight, « is
the PSE, and S is a slope fitting parameter. The values of o and (3 are results of the
sigmoid function fit. From this fit, the JND is calculated by subtracting the PSE, «,
from the comparison weight, (.75, corresponding to the 0.75 proportion of “heavier”
responses, y = 0.75.

We were unable to fit a psychometric curve to the data provided by the one
participant who was unable to detect a difference between the two virtual blocks in
the open response exercise portion of the experiment. We classified this participant
as a “non-responder” and did not include their data in the results of this study. An
example of another participant’s psychometric curve fit for an inertial scaling factor
of 3 is shown in Fig. 4.4.

Calculated PSEs for each participant are shown in Table 4.1. PSEs were then
averaged across all responding participants. Fig. 4.5 shows the average PSE for both
scaling factors along with error bars representing plus/minus one standard deviation.
The average PSEs for inertial scaling factors of 2 and 3 were 171.0 g and 150.5 g,
respectively. Table 4.1 shows the PSEs and JNDs, as well as the standard deviation
for each. A t-test was performed between the PSEs and the reference weight for
each scaling factor to determine whether scaling inertial forces had a significant effect
on virtual weight perception. Scaling inertial forces did have a significant effect on
perceived virtual weight, with p-values of 0.015 and 0.005 for scaling factors of 2 and
3, respectively. A t-test was also performed to determine any significant difference in
the effect of weight perception between a scaling factor of 2 and a scaling factor of 3.
A p-value of 0.01 shows that there was a difference between scaling inertial forces by

a factor of 2 and 3.

4.2.3 Discussion

The results show that scaling inertial forces has a significant effect on virtual weight
perception when using skin deformation feedback during a grasp-lift-and-place task.
This was done by increasing the mass of the virtual blocks while decreasing the

gravitation force acting on it such that the weight of the virtual block remains the
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Figure 4.5: The effect of scaled inertial forces can be seen from graphing the PSE
of virtual weight for a reference virtual weight of 200 g with scaling factors of 2 and 3.
A t-test showed significance for both scaling factors with p-values less than 0.05. [15]
© 2018 IEEE

same. A grasp-lift-and-place task was chosen to elicit more of the inertial force cues
to the participants.

The effect is validated in two ways. First, 9 of 11 participants responded that
virtual block with scaled inertial forces felt “heavier” than the normally rendered vir-
tual block in the open response portion of the experiment. One participant responded
that the virtual block with scaled inertial forces felt “bigger”. Still, this participant
did show a shift in PSE during the weight discrimination task. As described earlier,
we were unable to fit a psychometric curve to the weight discrimination data for a
participant who was unable to notice any difference in the two virtual blocks dur-
ing the open response portion of the experiment. This suggests that the participant
had trouble with the virtual weight discrimination task using skin deformation as a
whole, rather than only not responding to inertial scaling effect. This led us to clas-

sifying this participant as a “non-responder” and not using their data in the weight
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discrimination analysis.

Second, the PSEs generated from the two-alternative forced choice paradigm por-
tion of the experiment show that scaling the inertial forces has significant effects on
perceived weight. The magnitude of the shift is reasonable given that the inertial
forces are smaller in magnitude than the weight of the virtual object during this task.

Interestingly, while the results seem to agree with prior work done by Turvey et
al. [27] to show an object’s inertia contributes to the object’s perceived weight, Turvey
et al. focus on inertia in the context of wieldability, or the level of muscular forces
required to move the object in a controlled fashion, where as using our method of
inertial scaling with wearable skin deformation feedback devices, there is no net force
on the user and thus no resistance to the movement of the users muscles. Thus we

show that there is a tactile component to the influence of inertia on perceived weight.

4.3 Study 2: Complementary and Conflicting Weight

Illusions using Haptics and Visuo-Haptics

In this study, we want to investigate the combination of a haptic and visuo-haptic
weight illusion in both a complementary and conflicting manner using scaled inertial
forces and non-unity control-to-display ratio. To do this, we also need to investigate

the use of scaled inertial forces to make a virtual object feel lighter.

4.3.1 Study Description

The purpose of this study was to determine the effect of complementary and con-
flicting haptic and visuo-haptic weight illusions on weight perception in virtual realty
using scaled inertial forces and non-unity control-to-display ratio and, in parallel, in-
vestigate if using scaled inertial forces with a scaling factor of 0.5 had an effect on
virtual weight perception. The experiment consisted of three parts, for each partic-
ipant, that spanned three one-hour sessions over three days. The first part of the
experiment was an open response exercise, followed by training trials, and then ex-

periment trials. The open response portion of the experiment was done only on the
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first day before the training trials so as not to influence participants’ responses. The
second and third day consisted only of training and experiment trials. The purpose
of the open response exercise was to assess how participants interpreted the difference
between two virtual blocks, one of which has a inertial scaling factor of 0.5.

A total of 10 participants (4 male and 6 female) between the ages of 24 and
28 participated in this experiment after giving informed consent. All participants
were right hand dominant. The protocol was approved by the Stanford University

Institutional Review Board.

4.3.1.1 Algorithms

We now present the two algorithms used to alter virtual weight perception in virtual
reality when using skin deformation feedback devices. The first algorithm is scaled

inertial forces. The second algorithm is non-unity control-to-display ratio.

Scaled Inertial Forces This experiment uses the same inertial scaling algorithm

presented in Section 4.2.1.1.

Non-unity Control-to-display Ratio The implementation of a non-unity control-
to-display ratio used for this experiment is based of the generalized approach for
fingertip wearable tactile devices found in [14]. This method used the underlying
physics framework, CHAI3D in this case, to calculate the interaction forces between
the avatars of the user’s fingers and the virtual block with a unity control-to-display
ratio. The virtual block has an associated scaled visual avatar that is displayed to the
user. Under unity control-to-display ratio, the scaled visual avatar’s position coin-
cides with the virtual blocks position. When the control-to-display ratio is not unity,

the position of the visual avatar of the virtual block is described by:

" . r .
Pos = Poi + _(poc - poi) (47)
rc/D

where p,s is the position of the scaled visual avatar of the virtual block, p,; is the

initial position in the virtual environment when the scaling begins, p,. is the current
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Figure 4.6: The control-to-display ratio, C'/D, scales the displayed position of the
virtual block when lifted by the user.Example positions of the virtual block for three
control-to-display ratios are shown, for the same vertical movement by the user. In
this diagram, p,, is the position of the scaled visual avatar of the virtual block, p,; is
the initial position in the virtual environment when the scaling begins, and p,. is the
current position of the virtual object.

position of the virtual object, and r¢/p is the control-to-display ratio. A graphical
example of the scaling can be seen in Fig. 4.6 with the points p,s, P, and p,; shown.
This approach cannot be used without modification on the visual avatars of the user’s
virtual fingers.

The first modification necessary for implementation on the visual avatars of the
virtual fingers is to only scale the visual avatars when the user is in contact with the
virtual object. This allows the visual avatars to move in an unaltered motion in free

space when not interacting with the virtual object. The second modification involves
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Figure 4.7: An example of the visual avatar scaling for the fingers during a grasping
and lifting. (a) The user prepares to grasp the block located at p,; with the visual
avatars of the fingers at p’,, a distance of pf, from p,;. (b) As the user makes contact
with the virtual block, p;., the center point between the two fingers, is set to p;.
(c) The gray block and fingers represent the unscaled position of the user and the
virtual block, while the colored fingers and block represent the scaled visual avatars
of the finger and block displayed to the user. As the block is lifted, the vertical
position of the fingers is scaled by the C/D ratio, along with the block, while the
horizontal distance between the visual avatar of the finger and the center point, py,,
is unscaled. (d) When the block is released, the clutch offset, p,, is calculated and
used to maintain visual continuity of the visual avatar of the fingers.

preserving the distance between the two virtual fingers. If the above approach is
naively applied to each visual avatar of the user’s fingers, then the distance between
the two fingers will change in an scaled manner that is unnatural for the user. To
address this, a center point, placed between the two virtual fingers, was visually scaled
while the distance between the center point and the visual avatars of the fingers is
left unscaled to match the distance between virtual fingers in the underlying physical
simulation. The scaled position of the visual avatars for the virtual fingers can be

described as:

— — — — 1 — —
Pfs = Psc + Deo + DPro + _(pcc - psc) (48)
Tc/D

where pY, is the position of the visual avatar, py. is the finger scaling center reference
point set to the center point between the two virtual fingers when they make initial
contact with the virtual object, p,.. is the current center point between the two fin-
gers in physical space, py, is the distance between the center of the two fingers and

individual finger of interest, and p,, is a clutch offset, set as the difference between
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Figure 4.8: Participants were asked to grasp each virtual block (a), lift it up (b),
pass it through a semi-transparent plane above a virtual wall(c), and then place the
virtual block in a semi-transparent hemisphere on the other side of the virtual wall
(d) to determining which block felt “heavier.”

Dfs and p.. when the fingers break contact with the virtual object.

With this implementation, the user only experiences scaled motion when inter-
acting with the virtual block. The clutch offset, p.,, is used to guarantee visual
continuity after the virtual block is released by the user. Without this, the virtual
avatar of the fingers would instantly return to the actual position of the user, possibly
alerting them to the illusion taking place. To better compare results with [14], which
restricted the lifting of the virtual block by participants to the vertical direction, we
decided to only scale the vertical motion of the virtual fingers and block.

When changing the virtual environment to render the next block for the exper-
iment trials, the clutch offset is reset to zero which can create a small visual dis-
continuity, manifesting as the instantaneous movement of the visual avatars of the
virtual fingers. This happens when the virtual block is released at a point that is
above the starting point of the grasp. The effect of this visual cue was minimized by
introducing a short visual freeze of the simulation for 0.25 s before rendering the next

virtual block.

4.3.1.2 Procedure

Throughout the experiment, all virtual blocks rendered were cubes with 50 mm sides
and a stiffness of 175 N/m.

Each session began with an exploratory session for five minutes during which
participantsv manipulated a single virtual block to familiarize themselves with the

skin deformation devices. After this, for the first session only, participants took
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part in the open response portion of the experiment. Two blocks were presented
one at a time to the participant on the right side of a virtual table. The blocks
were identified verbally as “Block 17 and “Block 2.” Each block was rendered with
a weight corresponding to 200 g on Earth. One block had a mass of 200 g, rendered
with Earth’s gravity, while the other block had a mass of 100 g, rendered with two
times Earth’s gravity, thus, rendered with an inertial scaling factor of 0.5.

Participants began by grasping the block presented to them, which appears on the
right side of the virtual table, and lifting it up and through a red semi-transparent
plane, centered above the virtual table. When the block passed through the plane,
the color changed from red to green and participants then moved the block to a
red semi-transparent hemisphere, 7.5 cm in diameter, located on the left side of the
table. When the block entered the hemisphere, it changed color from red to green,
signalling to participants they could release the block. This movement was repeated
for each block presented to the participant. Fig. 4.8 shows the virtual table with the
via points during an example grasp, lift, and placement. The experimenter switched
between “Block 1”7 and “Block 2”7 after the completion of the grasp-lift-and-place task
repeatedly for two minutes, verbally identifying each block as it was presented. At
the end of the two minutes, participants were asked if they noticed “any differences”
between the two blocks. The purpose of this portion of the experiment was to assess
what effects scaling the inertial forces of the virtual block by a scaling factor less
than 1 would have on the perception of the virtual block. The experimenters were
careful not to bias participants to think about weight but instead gathered their first
impressions on the differences between the two blocks. Each response was recorded
and categorized into different physical properties by the experimenters.

After the open response portion of the experiment, the weight discrimination por-
tion of the experiment during the first session consisted of one set of 16 training trials
and one set of 50 experiment trials. The second and third sessions each consisted of
one set of 16 training trials and two sets of 50 experiment trials. A two-alternative
forced-choice paradigm was used for all training and experiment trials; each consist-
ing of a reference block and a comparison block presented sequentially in random

order. Participants were asked to determine which block “overall felt heavier” while
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performing the same grasp-lift-and-place motion used during the open response with
the restriction that each block can only be lifted once before making a decision. A
unity inertial scaling factor and control-to-display ratio were used during the train-
ing trials, while the comparison blocks were scaled according to the haptic condition
for the experiment trials. At the end of each trial, the answer was recorded, and,
for training trials, participants were informed of the correct answer before the next
sequential pair of blocks were presented.

All trials used a reference weight of 200 g. Comparison weights of 50, 125, 275, and
350 g were presented four times each during each set of training trials. Comparison
weights of 50, 125, 200, 275, and 350 g were presented ten times each for each set
of experiment trials. The complementary and conflicting weight illusions made up
four haptic conditions which consisted of the combination of inertial scaling factors
of 0.5 and 2 and control-to-display ratios of 0.77 and 1.3. A fifth haptic condition
consisted of an inertial scaling factor of 0.5 with a unity control-to-display. The
haptic conditions were presented to participants in an order based on Latin squares
to minimize any effects of presentation order. Between each set of experiment trials,
users were given a 5-minute break. The first session took approximately 45 minutes

and the second and third sessions took approximately 60 minutes each.

4.3.2 Results

During the open response portion of the experiment, all 10 participants responded
that they felt the virtual block with no inertial scaling “felt” heavier than the virtual
block with an inertial scaling factor of 0.5.

Participants’ answers for the training trials of the weight discrimination portion of
the experiment were averaged across participants for each day and plotted in Fig. 4.9.
The average accuracy during training for all participants across the three days was
81.7%. A one-way ANOVA was performed on the training accuracy data and showed
no significant effect of the day on participants’ accuracy during training (Fhor =
0.31,p = 0.74).

The points of subjective equality (PSEs) and just noticeable differences (JNDs)
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Figure 4.9: There was no significant change in participants’ accuracy during the
training trials across the three days (n=10). The error bars represent plus/minus one
standard deviation.

were calculated from the responses during the experiment trials using a psychometric
curve which was fit to each participant’s proportion of “heavier” responses for each

haptic condition using the sigmoid function:

1
Y= oy
(1+77)

where y is the proportion of “heavier” responses, x is the comparison weight, « is

(4.9)

the PSE, and § is a slope fitting parameter. The values of o and g are determined
from the fit of the sigmoid function. The JND is calculated by subtracting the PSE,
a, from the comparison weight corresponding to the 0.75 proportion of “heavier”
responses. Sample psychometric curves fit to a single participant’s responses for each

haptic condition can be seen in Fig. 4.10.
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Figure 4.10: Sample psychometric curves from one participant for each of the five
haptic conditions. The psychometric curves were fit to the participant’s responses
and used to calculate the PSE and JND for each haptic condition.

The resulting PSEs and JNDs for each condition were averaged across participants
and are plotted in Fig. 4.11 and Fig. 4.12 with error bars representing plus/minus
one standard deviation. The PSE and JND for an inertial scaling factor of 0.5 with
unity C/D ratio were 231.2 g and 55.3 g. The PSEs for the complementary set of
conditions (SF = 0.5 with C/D = 0.77 and SF = 2 with C/D = 1.3) were 254.6 g and
95.0 g, respectively. The PSEs for the conflicting set of conditions (SF = 0.5 with
C/D = 1.3 and SF = 2 with C/D = 0.77) were 140.8 g and 207.1 g, respectively. The
JNDs for the complementary set of conditions (SF = 0.5 with C/D = 0.77 and SF =
2 with C/D = 1.3) were 68.5 g and 46.2 g, respectively. The JNDs for the conflicting
set of conditions (SF = 0.5 with C/D = 1.3 and SF = 2 with C/D = 0.77) were 108.6
g and 68.3 g, respectively.

A t-test was performed to determine if there was any significant difference between
the PSEs for each haptic condition and the reference weight. The results showed the
PSE for a scaling factor of 0.5 with unity C/D was significantly different than the
reference weight. Both complementary sets and one conflicting set of weight illusions
(SF = 0.5 with C/D = 1.3) had a PSE that was significantly different than the
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Figure 4.11: The mean PSEs for each haptic condition averaged across all partici-
pants (n = 10) with the error bars represent plus/minus one standard deviation. Each
haptic condition tested, except for SF = 2 with C/D = 0.77, had a PSE significantly
different from the reference weight (p-value <0.05), which is denoted by the *’s.

reference weight.

The weight shift for each haptic condition was calculated by subtracting the cor-
responding PSE from the reference weight. The resulting weight shifts from this
experiment are plotted in Fig 4.13 with the previously reported weight shifts of C/D
values of 0.77 and 1.3 from [14] and an SF of 2 from Section 4.2. Also plotted are the
predicted weight shifts, which are calculated using the sum of the measured weight
shifts from the individual weight illusions.

We fit a generalized linear mixed-effects model (GLME) to the measured PSEs
using the inertial scaling factor, control-to-display ratio, and the interaction between
the inertial scaling factor and control-to-display ratio as fixed effects with subject

as a random effect. A similar GLME was fit to the measured JNDs of each haptic
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Figure 4.12: The mean JNDs averaged across all participants (n = 10) for each
haptic condition plotted with error bars representing plus/minus one standard devi-
ation.

condition. For both models, the fit was computed using C/D-1 and SF-1, so the
intercept represents the reference weight and JND when C/D and SF are both 1.

The results from each fit can be seen in Table 4.2.

4.3.3 Discussion

The results of the one-way ANOVA suggest there was no significant learning effect
day to day for the participants. This result combined with the Latin squares ordering
gives confidence to the measurements obtained for the effect of each haptic condition.

The results from both the open-response paradigm portion of the experiment and
the two-alternative forced choice paradigm portion show that scaling inertial forces

using a scaling factor of 0.5 can make a virtual object was perceived as lighter when
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Figure 4.13: The shift in perceived virtual weight due to scaled inertial forces and
non-unity control-to-display ratio compared to the predicted and measured shifts in
perceived weight due to the complementary and conflicting combination of scaled
inertial forces and non-unity control-to-display ratio. The *’s denote values reported
in [14] and the ** denotes values reported in [15].

using skin deformation haptic devices. Furthermore, when combining the use of scaled
inertial forces with a non-unity control-to-display ratio in a complementary manner
to increase the perceived virtual weight, the measured weight shift, 105 g, is larger
than the expected weight shift calculated as a sum of the individual effects, 63.7 g.
When combining the two weight illusions to decrease the perceived virtual weight,
the magnitude of the measured weight shift, 54.6 g, is smaller than the sum of the
individual effects, 74.8 g. But, the overall range of shifted weights measured, 159.6 g,
is greater than the expected range based on the sum of the individual effects, 138 g.
This suggests that the effects can be used together to further increase the range of
virtual weights that can be conveyed to a user. In a practical sense, only increasing

the perceived weight would be of use for most applications as the haptic devices can
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Table 4.2: Summary of generalized linear mixed effect model

PSE
Variable  Coefficient (g) t-stat df p-value
Intercept | 195.5 26.18 46 2.8e-29
SF -37.0 -3.68 46 6.2¢-4
C/D -216.5 -6.64 46 3.2e-8
SF:C/D | 4.9 0.05 46 0.91
JND
Variable  Coefficient (g) t-stat df p-value
Intercept | 67.6 7.9 46 4.9e-10
SF 0.8 0.1 46 0.92
C/D 80.6 3.2 46 2.3e-3
SF:C/D |-80.3 -2.5 46 0.01

already convey a range of virtual virtual weights and could only increase the range of
virtual weights that can be conveyed by increasing the maximum virtual weight that
can be conveyed. The magnitude of the effect of each weight illusion on their own,
as well as when in complementary manners, is far greater than reported values for
the weight shift when using a non-unity control-to-display ratio in [56]. This could
be because the reported values in [56] are when using a kinesthetic haptic device
where as the values reported from this study and [14] are when using a wearable skin
deformation haptic device.

When rendering SF = 0.5 with C/D = 1.3, we see a significant shift in virtual
weight perception, showing that the object is perceived as heavier. This, by itself,
would suggest that the vision-based illusion dominates the effect on perceived weight.
However, when the opposite conflicting pair of illusions is rendered, SF = 2 and
C/D = 0.77, there is no significant change in perceived weight. This suggests the
individual effects on weight perception cancel out. The results of the GLME analysis
of the PSEs for all five haptic conditions show there is no significant interaction effect
between scaled inertial forces and a non-unity control-to-display ratio. The large JND
(108.7 g) for the conflicting haptic condition SF = 0.5 and C/D = 1.3 is the only haptic
condition with a JND greater than the 75 g difference in comparison weight levels

from the experiment. Another potential reason for this disparity in the conflicting
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combination of illusions could be the discrepancy between the haptic rendering and
the visual rendering resulted in reaching the “uncanny valley of haptics” [57]. Berger
et al. [57] suggest the integration of these conflicting cues could lead to a reduced
subjective experience which, in turn, could affect the user’s perception.

There also could be a separate underlying interaction effect between inertial scaling
factors below 1 and control-to-display ratios above 1 that resulted in the magnitude
of the combined effect in this experiment to be greater than the effect of a control-
to-display ratio of 1.3, but it would require measuring the perceived weight shift for
more conflicting combinations.

The results of the GLME analysis on JND combined with Fig. 4.12 show that when
the two weight illusions are in conflict or in complement to increase the perceived
weight, the JND increases.

This work could be furthered by measuring the effects using scaled rotational
inertia, implemented in virtual reality using the same principal found in [29], and ro-
tational non-unity control-to-display ratio, like that shown in [30], in complementary
and conflicting manners.

Its worth noting that when trying to decrease the perceived weight of an object,
there is an inherent “floor” to the effect due to an object not being able to have
negative weight. Thus the magnitude of the effect will have a dependence on the
reference weight chosen for the experiment. This limitation does not exist when try-
ing to increase the perceived weight of a virtual object. However, there are different
limitations for both scaled inertial forces and non-unity control-to-display ratio when
trying to increase perceived weight. The limitation for scaling inertial forces come
from the skin deformation haptic device’s force output. Just like virtual weight ren-
dered when using the devices can saturate the motor output, so too can scaling the
inertial forces of a virtual object, albeit at a much larger perceived virtual weight.
Altering the control-to-display ratio to increase perceived virtual weight also has an
upper limit that occurs when the effect becomes noticeable to the user and can even

hinder their ability to manipulate a virtual object in a desired manner.
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4.4 Conclusion

In this chapter, we first performed an experiment to show that scaling inertial forces in
a virtual environment can alter the weight perception of virtual objects while using
skin deformation feedback. Participants were asked to discriminate weight during
a grasp-lift-and-place task. An open response exercise showed that scaling inertial
forces of a virtual block has a noticeable effect on perceived weight. From a series
of two-alternative forced-choice paradigm trials using a reference weight of 200 g, we
calculated PSEs of weight for inertial scaling factors of 2 and 3. We showed that
scaling the inertial forces by factors of 2 and 3 has a significant effect on the weight
perception of a virtual block.

We then performed an experiment to show that scaling inertial forces can be used
to decrease the perceived weight of a virtual object when using skin deformation
haptic devices and to measure the change in perceived weight from the combination
of scaled inertial forces and non-unity control-to-display ratio in complementary and
conflicting manners. Participants indicated during the open response paradigm por-
tion of the experiment that a block with a inertial scaling factor of 0.5 felt lighter than
the reference block of equal weight. Participants then took part in the weight discrim-
ination portion of the experiment in which they performed a grasp-lift-and-place task
before discriminating between two blocks. The responses from this two-alternative
forced-choice paradigm were used to calculate the PSEs and JNDs for five haptic
conditions.

The results show that an inertial scaling factor of 0.5 with unity control-to-display
ratio does significantly decrease the perceived weight of a virtual block. Furthermore,
the combination of scaled inertial forces and non-unity control-to-display ratio in-
crease the perceived weight more than the sum of the individual effects when both the
inertial scaling factor and control-to-display ratio are greater than one. Conversely,
the combination of scaled inertial forces and non-unity control-to-display ratio does
not decrease the perceived weight of the virtual block as much as the sum of the
individual effects when both the inertial scaling factor and control-to-display ratio

are less than one.
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The combination of scaled inertial forces and a non-unity control-to-display ratio
in a conflicting manner had a similar effect as the sum of the individual effects for

one of the combinations but not the other.



Chapter 5
Conclusion

This thesis has examined the role of skin deformation haptic feedback in virtual reality
perception. This chapter summarizes the results laid out in the previous chapters,

reviews the contributions of this thesis, and expounds on ideas for future work.

5.1 Summary of Results

The main results from this thesis form a better understanding of skin deformation
feedback’s role in virtual reality perception. We first measured the relative contri-
bution of skin deformation and kinesthetic forces in forming weight percepts during
a grasp-and-lift task when using a set of mechanical thimbles that amplified the
amount of shear force on the fingerpad relative to the kinesthetic force experienced
during the interaction and found that weight perception is dominated by kinesthetic
forces. We then augmented an existing wearable skin deformation feedback device
with a vibrotactile actuator to augment or replace the normal-to-the-fingerpad degree
of freedom of skin deformation feedback. We found that shear-only skin deformation
feedback with a vibrotactile contact cue can be considered an alternative feedback
modality to shear-plus-normal skin deformation feedback. Lastly, we developed a
haptic weight illusion which scales the inertial forces experienced when interacting
with a virtual object. We combined it with a visuo-haptic weight illusion, non-unity

control-to-display ratio, and showed we could further alter the perceived weight of
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virtual objects. These results give insight into the role of skin deformation feedback
in virtual reality perception.

The major contributions of this dissertation are summarized as follows:

e Designed mechanical thimbles that amplify the amount of skin deformation when
picking up real-world objects and measured, through human participant experi-
ments, the relative contributions of skin deformation and kinesthetic forces for
object weight perception. In Chapter 2, a set of mechanical thimbles was devel-
oped to increase the shear skin deformation forces felt when lifting a real world
object using a simple gear train. We demonstrated, through a human partici-
pant experiment, an increase in perceived weight for various gear ratios during a
grasp-and-lift task. From these results, we calculated the relative contributions
of kinesthetic and skin deformation forces in weight perception, showing that

weight perception is dominated by kinesthetic forces.

e [ntegration and validation of contact-event based haptics with a wearable skin
deformation haptic device. In Chapter 3, we integrated a piezoelectric actuator
with an existing three degree-of-freedom skin deformation device for additional
vibrotactile feedback for testing combinations of three-degree-of-freedom, two-
degree-of-freedom shear-only, and no skin deformation feedback with either an
impulse-based or decaying sinusoid contact cue. We demonstrated, through
human participant experiments, that augmenting three translational degrees of
freedom of skin deformation feedback on the fingerpad with a contact-event
based cue did not improve task performance of a grasp-lift-and-place task of a
“fragile” virtual object. We also showed that adding a high frequency vibrotac-
tile contact cue to two shear degrees of freedom of skin deformation feedback
improved task performance and could serve as an alternative to three-degree-

of-freedom skin deformation feedback.

e Implemented haptic illusions to alter virtual weight perception during a grasp-
lift-and-place task. In Chapter 4, we developed an inertial scaling haptic weight
illusion which leveraged an existing physics framework for virtual reality en-

vironments to alter a user’s virtual weight perception. We demonstrated and
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measured, through human participant experiments, the change in perceived
virtual weight when using the inertial scaling method with wearable skin de-
formation haptic feedback devices, increasing the range of perceivable virtual
weight that can be rendered. We also demonstrated and measured, through
human participant experiments, the change in virtual weight perception when
combining two haptic and visuo-haptic weight illusions methods, scaled inertial
forces and non-unity control-to-display ratio, in complementary and conflict-
ing manners, further increasing the range of perceivable weights that can be

rendered.

5.2 Future Work

5.2.1 Rotational (Twisting) Skin Deformation

While adding complexity to existing skin deformation devices is not desirable because
it often adds to the device cost and weight, it may prove useful when it comes to
providing a rotational (twisting) degree of freedom to skin deformation feedback,
shown in Fig. 5.1. When interacting with virtual objects with wearable haptic devices
that use the fundamental god-object [58] or proxy-based algorithm [59] for computing
forces, the interaction between the haptic device and virtual object is often treated
as a singular point. Thus, if grasping a virtual object using, for instance, the thumb
and index finger at points that do not form a line intersecting the center of mass, the
virtual object will rotate upon liftoff. Visually, this rotation prompts a user to grasp
the virtual object with more force, as in the real world, this rotation could indicate
that the object is about to slip from the user’s grasp, which often is not the case in
the virtual environment.

Many fingertip wearable haptic devices use a parallel mechanism to apply forces
to the user’s fingerpad. Following this trend, a rotational (twisting) degree of freedom
could be added using one of the parallel mechanisms found in [60]. Combining this new
device with more advanced contact interaction algorithms, such as the one presented

in [61], which uses a god-finger method to emulate the presence of a contact area
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Figure 5.1: (a) Future development of wearable skin deformation devices could
investigate adding a rotational (twisting) degree of freedom. (b) Common single-
point contact rendering methods lead to virtual objects twisting when grasped and
lifted.

between the user’s proxy and the virtual object, or implementing a different friction
model, such as the one presented in [62], can lead to new haptic experiences for
users. Adding this twisting degree of freedom to existing three-degree-of-freedom
capable devices will increase their mechanical complexity; thus motivating the need for
designing and fabricating new lightweight mechanisms. One possible existing solution
is to use layer-by-layer manufacturing techniques used in origami-inspired robots to
create these new mechanisms [63]. An example of a four-degree-of freedom parallel
mechanism fabricated with layer-by-layer manufacturing can be seen in Fig. 5.2.
Such a device could allow us to measure the effect of rotational inertia on virtual
weight perception as an extension of the work found in [29]. We could then implement
a similar rotational non-unity control-to-display ratio, like that found in [30], and
measure the effects of each on virtual weight perception separately as well as in

complementary and conflicting manners.
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(b)

(@)

Figure 5.2: (a) Top and (b) side view of a four-degree-of-freedom mechanism made
with layer-by-layer manufacturing to achieve three translational degrees of freedom
and one twisting degree of freedom.

5.2.2 User-grounded Kinesthetic Feedback Integration

An important limitation of wearable skin deformation feedback devices is the force
saturation that most often occurs when users penetrate too deep into a virtual sur-
face, often in the normal to the fingerpad direction shown in Fig. 5.1. Many of these
devices use a parallel mechanism to apply forces to the user’s fingerpad; therefore,
saturation in the normal-to-the-fingerpad direction limits the amount of shear forces
that can be displayed simultaneously and causes a potentially uncomfortable pinch-
ing between the user’s fingernail and fingerpad. One solution to this problem is to
uncouple the normal-to-the-fingerpad degree of freedom from the shear degrees of
freedom. This solves the problem of limited shear force when rendering max normal-
to-the-fingerpad force but it does not eliminate the pinching sensation. For that,
a user-ground kinesthetic force feedback component, as shown in Fig. 5.3, could be
integrated with a shear-only skin deformation feedback device to apply the normal-
to-the-fingerpad direction interaction forces on the fingerpad. This kinesthetic com-
ponent could be added in multiple ways such as the cable/tendon system described

in [64] or a finger-to-finger display, such as the one shown in [65].
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Ground

User

Figure 5.3: Preventing unrealistic virtual object penetration in the normal-to-the-
fingerpad direction could be achieved by adding a user-grounded, kinesthetic force
feedback component. Adapted from [1] (© 2013 IEEE.

5.2.3 Device Weight

When designing fingertip wearable devices, we often think of minimizing device weight
as a major design objective. This goal influences the choice of motors and gearboxes,
and thus directly affects the maximum force capabilities of the device. While it is
clear that users would likely prefer lighter devices based on comfort, there is little
work done on understanding the effect of a wearable device’s weight on virtual weight
perception. We naturally integrate kinesthetic and tactile force information to form
a weight percept, as shown in Chapter 2, but how does a constant kinesthetic force,
i.e. the device weight, affect the ability to distinguish between the weight of virtual
objects? This effect could be measured by attaching weights to an existing wearable
skin deformation feedback device and measuring the just noticeable difference of vir-
tual weight during a grasp-and-lift task. If it is shown to have little effect, it could
give designers less of a restriction on motor selection, thus increasing the potential

maximum force that can be rendered.
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