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Abstract

Dexterous and natural haptic interaction with the environment in Virtual Reality promises a
new era of embodied and intuitive computing. But among the remaining challenges stands the
difficulty of natural wall interactions. Personal haptic devices for natural wall interaction in
virtual reality should be portable and should provide passive, body-scale interactions. However,
existing techniques fall short: Room-scale proxies lack portability, wearable robotic arms are
energy-intensive and induce friction, and existing hand-scale passive interaction techniques are
unsuitable for continuous large-scale renders. In this thesis, we introduce PantographHaptics,
a technique which uses the scaling properties of a pantograph to passively render body-scale
surfaces. A pantograph is a classical linkage mechanism which can enlarge or shrink designs
by coordinating nodes to move in scaled, geometrically similar paths. To our knowledge, no
prior work has applied the pantograph mechanism to large-scale immersive haptics.
PantographHaptics is a novel method for passively achieving body-scale haptics which
uses a pantograph to scale up a small positional constraint into an encounterable midair render.
We present the conceptual foundation underpinning of PantographHaptics by describing the
operation of the pantograph mechanism and detailing how we apply it for haptics. Then we
verify the PantographHaptics technique through two prototypes: HapticLever, a grounded
system, and Feedbackpack, a wearable device. We detail the designs, implementations, and
technical evaluations of both prototypes, and we highlight the challenges and solutions involved
in their development. We evaluate these prototypes with user evaluations, which contribute
assessments of their interaction fidelity, investigations of their usability, comparisons of their
performance against other haptic modalities, and recorded participant experiences of using the
devices. By introducing and verifying PantographHaptics, we show that this novel technique
is a viable and promising approach for interactions with large surfaces. By documenting the
development of our prototype artifacts and reporting user experiences with the devices, we

contribute a foundation for future research.
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Chapter 1

Introduction

The ultimate objective of immersive haptics is to produce an immersive simulation environment
which is indistinguishable from reality114. However, at the present time, the development of
immersive display technology has far outpaced that of immersive haptics, and we lack haptic
systems which are both high- delity and versatilé’f]. Because of this, it is easy to begin to
think of Virtual Reality (VR) as primarily a display technology, rather than as the immersive
and spatial computing platform that it is. The two key elements of spatial computing which
set it apart from traditional computing are that the user is in the virtual space and that virtual
entities can be represented as objects in the user's space. Therefore, in order to take advantage
of this new computing paradigm, we must design and create haptic devices which enable
dexterous and natural interaction with these virtual objects while preserving the user's ability
to move around this space.

Providing haptics to grounded objects such as walls remains a challenge due to the di culty
of providing a sti , on-demand reaction force. While most of the work in haptics focuses on
in-hand rendering, these held or wrist-worn devices are incapable of providing the grounded
reaction force that walls supply. Grounded robotic arm approaches can provide the sensation
of walls, but inherently lack sti ness, lack portability, and impose constant impedance when

the user moves their hand. Worn robotic systems su er the same sti ness and impedance



limitations as their fully-grounded counterparts, and su er the additional di culty of grounding

their reaction forces on a compliant human body. Rendering virtual objects using realistically
sti physical proxy objects provides a more natural experience, treating wall interaction as a
degree-of-freedom reduction problem rather than as a force rendering problem. Yet, full-sized
wall proxies are impractical to move between spaces. Other systems which use mechanical
locks to provide passive force feedback achieve the same bene ts of sti ness and freedom of
motion as proxy-based systems, but generally cannot render large objects or surfaces.

Each of these approaches present inherent limitations in rendering virtual walls with
natural, sti interactions while maintaining portability. In considering an altogether new
approach which treats wall interaction as a degree-of-freedom reduction problem and allows
the user to freely explore a midair 2D surface by means of a linkage, we identi ed an elegant,
simple solution: the pantograph mechanism.

A pantograph is a planar mechanism which can enlarge or shrink designs by coordinating
nodes to move in scaled, geometrically similar paths.

In this thesis we present PantographHaptics, a new method for passively achieving body-
scale haptics through a mechanically constrained pantograph, along with two prototype
implementations and their corresponding evaluations. This di ers in both form and application
from Vincent Hayward's 1993 The Pantograph4] and its successors, which do not contain
pantograph linkages but are instead planar force feedback robots. As veri ed in this thesis
by the two implementations, HapticLever and Feedbackpack, PantographHaptics can provide
wall-area rendering of surfaces sti y and without consuming any power, and enables the user
to move without friction when in free space and to freely encounter, explore, and disengage

from the render.



1.1 Thesis Questions

Our three thesis guestions outline the scope and objectives of this thesis:

1. Can pantograph-based haptics improve upon the limitations inherent to existing
methods regarding portable interactions with large surfaces?

2. How can we implement pantograph-based haptics for body-scale and wearable
applications, and what challenges and solutions emerge?

3. What advantages, disadvantages, and insights regarding the pantograph-based
haptics approach and implemented devices do users report?

1.2 Approach and Contributions

To approach these thesis questions, we apply an artifact-based methodology, which asserts
that new knowledge is embedded in and manifested by artifacts and the supporting materials
that describe them 139. This methodology rst requires establishing the importance of
the problem and its proposed solutio§ and then entails developing and studying the
artifacts, which can include techniques, systems, or prototpyE2d. In this methodology,
development of the artifacts and the theory are iterative and parallel, since the tangible creations
are prerequisites for their subsequent stu39. Evaluation of artifacts, whether techniques or
prototypes, is predicated on what they make possible and the manner and quality with which
they do so [139].

We begin by de ning the importance of the problem which our technigue solves by exam-
ining the limitations of existing force feedback haptic devices.

Then we present the theoretical foundation of our technique for applying a pantograph
for body-scale haptics. The theoretical foundation highlights that our technique inherently
possesses the interaction characteristics which are unattainable by existing methods. This
technique underpins the two prototype artifacts, and is itself the primary contribution of this

thesis.



The two prototype artifacts are primarily intended to provide experimental veri cation of
the pantograph-based technique. We verify the interaction characteristics of the underlying
technique by demonstrating the prototypes. This iterative design and exploration both shows
that the theoretical technique works in practice and also provides new perspectives on the
problem space and the technique's limitatiord. Beyond using the prototypes for demon-
stration, we also present the two devices as artifact contributions by detailing their designs,
implementations, and technical speci cations. By documenting the actions and rationale taken
during during the design process, we contribute insights and implications regarding how to
operationalize the theory89 and how our designs hold competing priorities in balanck3g.

In particular, we address the challenges in implementing the pantograph-based technique at
full-scale and provide solutions to aid future researchers in their designs. We complete the
presentation of the two prototype artifacts by contributing one user study for each.

We designed these user studies with the objective of evaluating the interaction delity
of the prototypes, comparing the prototypes against other haptic modalities, and evaluating
the usability of each prototype. Because of the perceptual nature of haptics, the reported user
experiences from the user evaluations are key tools for future researchers in forming accurate
judgements about the prototype artifacts.

Finally, we provide a discussion about the opportunities and inherent limitations of our
pantograph-based approach for force feedback. In this discussion, we contribute a design
space of potential applications for the approach as well as a set of supplementary pantograph-
based techniques designed to alleviate the limitations of the overall approach presented in
this thesis. These future-oriented application areas and additional techniques are informed by
our experience using the pantograph approach and our understanding of its limitations and

opportunities.



Based on our thesis questions and our methodology, this thesis presents the following ve

main contributions:

1. The introduction and theoretical foundation of our novel pantograph-based
haptics technique (Chapter 3) By presenting our technique for passive interactions
with large surfaces, we contribute a new option for haptics designers which circumvents
the limitations of low transparency, low sti ness, and low portability inherent to existing
methods.

2. A practical veri cation of our pantograph-based haptics technique (Chapters 4,
5, 6, and 7) By implementing two iterations of our technique as full-scale prototypes,
we contribute veri cation that our theoretical pantograph-based approach exhibits the
intended capabilities and interactions.

3. Documentation of the design, implementation, and analysis of two prototype
artifacts (Chapters 4 and 6) By detailing the actions and rationale taken during the
design process, and by re ecting on the future work for each prototype, we contribute
insights into the challenges, trade-o s, and successes in implementing our technique,
which are useful for future designers.

4. User evaluations of each of the two prototype artifacts (Chapters 5 and 7) By
conducting and reporting user evaluations of each of the two prototypes, we contribute
analyses of the usability and performance of each system, out of which arise insights
about the inherent limitations of our pantograph-based haptics approach.

5. A set of future-oriented applications and techniques for pantograph-based
haptics (Chapter 8) By providing this design space of applications and set of sup-
plementary techniques, we contribute a set of tools which will be useful to future
designers in further advancing our pantograph-based haptics technique.



1.3 Thesis Overview

This thesis comprises nine chapters. The following is an overview of the remainder of this

thesis:

Chapter 2: Background and Related Work clari es the classi cations of haptic devices
relevant to this thesis, outlines the relevant existing devices and their limitations, and identi es

the three main benchmark prior works.

Chapter 3: The PantographHaptics Technique: Using Pantographs to Passively
Render Large Surfacesintroduces the pantograph-based haptics approach, called Pantograph-
Haptics. We give an overview of the pantograph mechanism's properties and permutations,

and we describe how we apply the pantograph for haptics.

Chapter 4: HapticLever: A Grounded, Body-scale Implementation of Pantograph-
Haptics presents the design, implementation, and demonstration of the rst prototype, called
HapticLever. This prototype is a fully-grounded implementation of the PantographHaptics
technique which can passively render surfaces the size of the user's range of motion. In this
chapter we present the prototype's implementation objectives, design, and capabilities, and

then we discuss the limitations and strengths of the system.

Chapter 5: HapticLever Evaluation details the technical and user evaluations of the
HapticLever system. In the technical evaluation, we obtain the technical speci cations of our
system and then compare our system against the selected benchmark devices. In the user
evaluation, we compare our system against other haptic modalities and we investigate user

perceptions of the experience of using the device.

Chapter 6: Feedbackpack: A Portable, Wearable Implementation of Pantograph-

Haptics presents the design, implementation, and demonstration of the second prototype,



called Feedbackpack. This prototype is a wearable implementation of PantographHaptics,
making it fully portable, and can render horizontal planes at variable height as well as vertical

planes at variable position and angle.

Chapter 7. Feedbackpack Evaluation details the technical and user evaluations of the
Feedbackpack system. In the technical evaluation, we focus on the weight and speed of
actuation of the system. In the user evaluation, we investigate the interaction delity and

wearability of our device.

Chapter 8: Discussion and Future Work presents a design space of future haptics ap-
plications for PantographHaptics and outlines additional pantograph-based techniques. We
discuss the ndings, limitations, and next steps for both prototypes, as well as the limitations

and opportunities of PantographHaptics.

Chapter 9: Conclusion revisits our thesis questions and contributions, and provides a brief
summary of the thesis. We conclude by emphasizing the importance of prioritizing interactivity

over realism and the value of pursuing elegant design.



Chapter 2

Background and Related Work

In this chapter, we summarize the existing academic work in large-scale haptics for immersive
applications, focusing on the form factors and techniques surrounding the gap of portable
devices supporting passive interactions with surfaces, which our work  lIs. First, we outline
the de nitions and categorizations of haptic systems which are relevant to our work: cutaneous
versus kinesthetic haptics, reaction force grounding locations, active systems versus passive
systems, active interactions versus passive interactions, and encountered-type haptics. Then
we present, in detail, the related work within the categories of fully-grounded kinesthetic
haptics, body-grounded kinesthetic haptics, and haptics with passive interactions. In describing
the prior work we highlight the shortcomings of the techniques used, in order to outline
the contributions of our pantograph-based approach. Finally, we address the use of the term
pantograph within the haptics literature, as during the past 30 years the name has been used

to describe a non-pantograph technique.

2.1 Categorizations of Haptic Systems

In this section, we delineate the categorizations of haptic systems which are relevant in this
thesis, ensuring clear use of terms such as active, passive, and encountered-type . In this

section we list representative prior works, and in later sections we describe key works in detail.
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2.1.1 Cutaneous versus Kinesthetic Haptics

Cutaneous haptics are concerned with sensations on the skin, while kinesthetic haptics are
concerned with the motion and restrictions on motion of whole body parts such as ngers,
arms, and legs. Cutaneous haptic systems produce sensations of3®@2[91, 10§, vibration

[93 104 129, skin stretch 29 31, 66 12q, texture [9, 51, 13§, or other sensations such

as stinging, numbing, and tingling7d. Cutaneous haptics are often applied for rendering
material properties 9, 106 124, for tactile communication B4, 38 95, or for a ective haptics:

a eld which seeks to modulate a user's emotional arousal or valence through a ective touch
[16 132 148 15Q. The eld of study surrounding cutaneous haptics is concerned with the
mechanorcepetors and physiological systems by which we perceive touch, as thoroughly
detailed in the book entitled Haptics by MIT's Dr. Lynette Jones [63].

In contrast, kinesthetic and force feedback haptics is concerned with larger motions and
actions such as pinching?B 30 66, grasping B3 68 103, shape rendering48 122 129,
inertia rendering [L05 144 145, midair probing [4,41, 52 119, arm interactions B, 13 59 113,
walking [35 62 101, and jumping [Bg. Systems which generate kinesthetic haptics are also
known as force feedback devices. This thesis is primarily concerned with force feedback devices

which render interactions between a user's hand and large virtual surfaces.

2.1.2 Force Grounding

By Newton's third law, every force applied on the user must have a corresponding reaction
force somewhere else in the environment. Therefore, we can categorize force feedback devices
by where they generate their reaction forces: either on the ground, on the environment in a
non-rigid manner, or on the user's body.

Fully-grounded force feedback devices exert an applied force on the user and a reaction force
on awall, ceiling, or oor. Fully-grounded devices generally provide high sti ness, but can lack

portability. These devices can be systems rigidly xed to the environmehtl[3 52 96 114,



robotic systems which can move freely about the od2$ 117 141, or mobile robotic systems
which can move freely about a desktog7, 109 118§. In case of mobile robots, the interaction
and normal forces are typically vertical normal forces, rather than shear or lateral friction
forces. Systems which use mobile robots to actively pull on the user belong to the category of
ungrounded devices.
Ungrounded force feedback devices can exert their reaction forces on the air via jets or
propellers R, 54 58 64 139, on the air via phased ultrasound array5,[22 43 104, by pulling
on the user and driving along the groundtp, 65 136, or as net forces by counter-accelerating
ywheels [129 133. Functional Electrical Muscle Stimulation (FEMS) devicék 85 may also
be considered ungrounded, but these systems actuate the user's muscles directly, and so apply
neither applied forces nor reaction forces. Ungrounded devices can be portable and lightweight,
and excel in providing impulse forces, rather than rendering solid walls or objects.
Body-grounded force feedback devices are typically handheld or wearable. Handheld
controller devices 29 30 49 for grasping and pinching typically provide equal and opposite
applied forces, rather than one applied force and one reaction force. Glove de&8esq 103
ground the reaction forces on the user's hand and wrist. Shoulder-mounted deva:47], 9§
ground the reaction forces on the user's shoulder. Backpack type devi;és,[59 ground
the reaction forces on the user's torso. Body-grounded devices are generally portable, due to
their wearability. However, due to using the compliant human body as a grounding source for

reaction forces, they may struggle to provide sti interactions.

2.1.3 Active Systems versus Passive Systems

Most haptic devices are active systems, meaning that they incorporate some element of actua-
tion. Haptic systems which include no actuators at all are called passive systems. These are
most often proxy objects and props, which can either be fully statlé, b5, 77 or manually

con gurable [15]. Passive systems can provide dynamic interactions if they incorporate

springs and compliant mechanism€9 149. Passive system are often accompanied by haptic
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retargeting [7, 27, 40, a method to guide a user's hand to a proxy object through visual and
proprioceptive incongruency, or by other visuo-haptic illusion44. Passive proxies have
perfectly real physical properties, but lack the ability that active systems have to dynamically

conform to the virtual environment.

2.1.4 Active Interactions versus Passive Interactions

Just as systems can be categorized as active or passive depending on the presence of actuators,
interactions can be classi ed in the same way. Active interactions refer to those where an
actuator exerts force against a user, while passive interactions are those where no actuator
is acting on the user. This distinction between referring to systems as active or passive and
referring to interactions as active or passive delineates a class of devices which are dynamically
recon gurable but can provide passive interactions. Using dynamic recon guration, these
devices may engage mechanical locks as will be discussed in Section 2.5, may shift their center
of gravity [99 105 145 144, may change shapedp, 144, may present the user with a proxy

[33 68 123, or may change compliancel4(. These active systems with passive interactions
use actuators to dynamically change their state, but decouple the actuators from the interaction
to ensure that the interaction itself is passive. Note that active systems may be able to provide
active interactions or passive interactions or both, but passive systems can only produce passive

interactions.

2.1.5 Encountered-type Haptics

Encountered-type haptics refers to a technique where the sensation-providing element is set
up for the user to encounter before the user makes contact with7#j[ Encountered-type
interactions allow the user to freely engage with and disengage from the render without the
device changing its state. Encountered-type systems can be active systems which provide active
interactions |, 59, active systems which provide passive interactior&8[123, or passive

systems which provide passive interactions [7, 55].
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2.2 Comparison of Closely Related Works

Table 2.1 lists and compares the related works detailed in the upcoming four sections.

Passive System

Active Interaction

Hand Grounded

Body Grounded

Hand-Scale

ZoomWalls [141]

RoomShift 117

X| Passive Interaction

X| X| Prop or Proxy

TurkDeck [26]

x

CoVR [13]
TilePop [123]

LiftTiles [116]

X | X| X[ Active System

X

X | X|X| Transparent

X | X]| X| Encountered-type

X | X|X| Fully Grounded

X | X|X| Body-Scale

Snake Charmer
VRRobot [130]

[4] CoboDeck [78]

X

x

X

Mantis [8]

X

EncounteredLimbs [59]

>

X

Calvo et al. [20]

HapticGEAR [57]

Naviarm [73]
SPIDAR-W 81

X | X[ X[ X

Wireality [41]

X[ X | X|X]| X

X| X [ XX

X| X | X|X]| X

DextrEMS [85]
Blake et al. [10]
Wolverine [28]

DextrES [56]
Grabity [29]

X

>

>

>

CapstanCrunch

X

[106]

LucidGloves [11]

PoCoPo [107] X

AnnexingReality [55]

X| X<

Alfred [75]

HapticPIVOT [68]

WeATaViX [33]

PuPoP [122]

X | XXX

X X] X X| X

X | X X[ X

X X] X X| X

X | X| X[ XX

The Pantograph

The Pantograph Mk-1121]]
Pantogripper [134]

[94] PantoGuide24
DualPanto 107
Yoonetal. 147

Zhang et al. [147]

Haply Inverse3 [52] X

Boukhnifer et al.

[12]

HandMorph [84]

X

X
X
X

X

X| X| X

Perry et. al. [92]

X

HapticLever

X

X

X

Feedbackpack

X

X

X

X

X

X[ X| X

Table 2.1: A comparison of prior works relevant to the thesis.
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2.3 Fully-grounded Kinesthetic Haptics

In this and the following sections, we detail the speci ¢ related works which are directly
relevant to the focus of this thesis: our novel technique, which can be implemented as a
portable, worn device capable of passively rendering body-scale surfaces.

In this section, we detail the relevant fully-grounded kinesthetic haptic systems. In particu-
lar, we focus on large-scale grounded systems, rather than desktop grounded systems. The
three relevant categories within large-scale fully-grounded force feedback devices are mobile

proxies, room-sized systems, and grounded robotic arms.

Mobile Proxies

ZoomWalls 141, RoomsShift 117, TurkDeck [26, and CoboDeckTg are systems which
move full-scale proxies around the user's space to align them with their virtual counterparts.
ZoomWalls uses mobile wheeled robots to carry walls and position them according to the virtual
scene. Once the walls are in place, the robots do not actively push against the user, but rather
the heavy walls act as passive proxies. Because these walls are not xed to the environment,
however, they can tip over if the user presses against them too hard. RoomShift uses mobile
wheeled robots with mechanical scissor lifts to pick up and move furniture, including walls,
tables, and chairs. In this instance, once the furniture has been placed in the appropriate
position corresponding to the virtual scene, the robot retreats and the user may move the chairs
as normal. TurkDeck applies the same principle of dynamically repositioning passive props,
but employs humans instead robots to move the props around. This strategy has the advantage
that the human actuators can provide active interactions between the props and the user,
for example by pushing a user backwards using a prop wall, but is impractical due the need
for labour. All three of these systems allow for passive and encountered-type interaction with
large wall surfaces, but because they require full-scale proxies, none are notably portable or

practical.
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In contrast to moving around a full-scale proxy, CoboDeck uses a collaborative robot
mounted on a mobile platform to position a small, encounterable tile. Cobodeck weighsy
and has a footprint o09Im 1"13nm” Although CoboDeck does not need to carry around a
full-sized wall, the size and bulk of its robotic platform makes it likewise nonportable and

impractical.

Room-sized Systems

CoVR [L3, LiftTiles [114, and TilePop 23 are systems which can provide passive, encountered-
type interactions, but which are built into the oor or ceiling of the room. CoVR is a rectangular
column suspended by a two-axis cartesian ceiling robot which can translate it around the user's
space. This system can simulate a full, wide wall by moving the column to where the user is
about to make contact. Because user is unable to backdrive the actuation system, interactions
with the system can be passive. However, when the user desires to slide their hand along the
wall, the column must translate to follow their hand. This means that there is no relative motion
between the user's hand and the column, and therefore that the user does not perceive the
cutaneous sliding e ect. LiftTiles and TilePop are both arrays of in atable columns integrated
into the oor of aroom. These in atable columns can represent walls, tables, chairs, or other
furniture. They do not provide as sti or realistic of an experience as CoVR, but are more
versatile in their ability to represent di erent types of objects. However, because all three of
these systems are integrated into the room environment, they have a limited actuatable area

and are not portable between spaces.

Grounded Robotic Arms

Snake Charmer4], VRRobot 30, and Mantis B] are fully grounded active robotic systems.
Snake Charmer and VRRobot are both encountered-type systems, while Mantis is a robotic
system which the user continually grasps and moves around.

Snake Charmer is a small-workspace robot fastened to a table which positions its end
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e ector wherever the user is expected to make contact with a virtual object. Snake Charmer can
present the user with cutaneous haptics representing the object's shape, texture, or temperature,
and the user may freely explore the presented end e ector with their whole hand. However,
because the robot is stationary, the user may only interact with Snake Charmer when they
are standing beside it. VRRobot overcomes this limited-workspace weakness by combining
a grounded robotic arm with an omnidirectional treadmill. The omnidirectional treadmill
allows the user to walk about the virtual environment freely, while the robotic arm holds up a
pane corresponding to virtual walls for the user to encounter. Snake Charmer and VRRobot
are examples of active encountered-type systems which provide active interactions. This is
because when the user presses against the end e ector of the robotic arm, the robotic arm must
continually actuate in order to keep the end e ector still. While encountered-type systems
which provide passive interactions can employ feedforward control, which entails positioning
the haptic e ector once and then not reacting to user input, Snake Charmer and VRRobot
employ feedback control, which continually adjusts to account for the user.

Mantis is a grasped robotic force feedback arm which can be recon gured into either a
fully grounded con guration or a wearable con guration. In the fully grounded con guration,
Mantis has a workspace as large as the user's range of motion. To use the device, the user
holds on to the robot's end e ector and moves it around, and when the system desires to apply
a force on the user it activates the joint actuators so as to produce the desired force at the
end e ector. This is the standard technique for commercial force feedback robotic devices,
including the Haply Inverse347, the Phantom devicel]19, CyberForce T, and the robots
used in the DLR bimanual haptic devic@]]. Therefore, in addition to enabling interactions
with the surface of virtual objects, these systems can also produce arbitrary force vectors,
allowing them to render force elds, compliant surfaces, and textured surfaces.

However, their versatility comes at the cost of back-torque resistance and the negative
characteristics of impedance control. Because Mantis and the commercial devices mentioned

have motors to actuate the joints of the robot directly, the user must move through the back-
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torque of these motors. The term transparency refers to the property of being able to move
freely, without resistance. While Snake Charmer and VRRobot allow the user to move their
hand transparently through free space, encountering no resistance, Mantis forces the user to
move through undesired impedance. Some smaller devices, such as the Haply Inverse3, are
able to reduce the level of resistance from back-torque to the point where it is imperceptible.
Larger devices such as Mantis, however, require greater joint torques and stronger motors,
and so naturally produce greater resistance. Another method to reduce the back-torque
inherent to active robotic interactions is by con guring multiple redundant interfacel?f.
Besides transparency, the feedback control scheme also introduces undesirable interaction

characteristics

Admittance versus Impedance Control

Admittance control and impedance control are the two primary feedback control schemes
which can be employed by robotic arms. Admittance control determines motion in response to
force, while impedance control determines force in response to motion.

Admittance control senses the forces and torques on the end e ector, determines the desired
position or velocity of the end e ector, and then drives the robot to achieve this position or
velocity. When a force is applied, the robot admits a motion. Admittance control is generally
safe for corobotics and human-robot interaction, since the end e ector moves slowly and
predictably. However, while admittance control can produce sti force feedback, it is typically
unsuitable for haptics because of its low transparency and slow movement.

Impedance control senses the position and velocity of the end e ector, determines the
desired forces or torques in response to the motion, and then drives the robot to achieve the
desired force response. Therefore, impedance control is more suitable for force feedback haptics,
and is the control scheme employed by Mantis and the commercial devices mentioned above.
The user is able to move the end e ector around more freely, and the device can be programmed

to render force vectors corresponding to force elds (position dependent, velocity independent),
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viscous uids (velocity dependent, position independent), or solid surfaces (represented as
complex, tight force elds).

However, because impedance control is reactive, in that it must sense the end e ector's
displacement before changing the applied force, it possesses an inherent di culty in producing
high-sti ness response. Using a control system with higher bandwidth and stronger motors
with quicker speed of response can increase renderable sti ness, but these factors have the
disadvantage of increasing weight and decreasing transparency. A further and nal disadvan-
tage of impedance control is that the user must either support the weight of the arm, or that
the arm must employ active gravity compensation, which is equivalent to adding a constant
upwards-pointing force eld to the virtual simulation. Without active gravity compensation,
the user can move around with lower resistance but must support the weight of the arm. But
with active gravity compensation, the constant activation of the motors increases the resistance

that the user must move through.

Summary

In summary, mobile proxies and room-sized grounded force feedback systems can both provide
interactions with large surfaces which are realistic and sti , but neither are practical, portable
solutions. Grounded robotic arms are the commercial standard for force feedback, but have
important inherent limitations due to both their feedback control scheme and their form factor.
As characteristic of the impedance control scheme, grounded robotic arms possess an inherent
limitation in their ability to produce realistic, high-sti ness response. This can be mitigated
for smaller devices, but is ampli ed with large-workspace robots. As characteristic of their
grounded nature and nite workspace, the user generally can only interact with the devices
mentioned above when standing or sitting next to them, and not while walking around the
virtual space. The next section details body-grounded kinesthetic haptics, which combine the

versatility of active haptic systems with the advantages of wearability.
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2.4 Body-grounded Kinesthetic Haptics

In this section, we detail the body-grounded kinesthetic haptic systems which are relevant
to our thesis. The three relevant subcategories are wearable held robotic arms, wearable

encountered-type robotic arms, and string-based haptic systems.

Wearable Robotic Arms

Mantis [8], Calvo et al. 0, and Naviarm [f3 are wearable robotic force feedback arms. As
mentioned previously, Mantis can be con gured either in a fully grounded con guration or

in a wearable con guration. Calvo et al. and Naviarm are worn with integrated straps, while
Mantis, in its wearable con guration, is carried inside a supplementary backpack. In all three
of these systems, the user holds onto the end e ector and supports the weight of the arm, and
the impedance control system renders forces on the user corresponding to the virtual scene.
Naviarm is primarily used for assistive and telerobotics tasks, rather than general haptics.
Between Calvo et al. and Mantis, Mantis is better documented. Therefore, Mantis acts as one of
the benchmarks for comparison for the prototypes we present in this thesis. Wearable robotic
arms have the advantage of portability, but su er the same challenges of low transparency and

imperfect sti ness as fully-grounded robotic devices.

Wearable Encountered-Type Robotics

EncounteredLimbsd9 is a wearable robotic arm which presents a at pane for the user to
freely encounter. Therefore, EncounteredLimbs provides active encountered-type interactions.
This strategy allows users to freely and naturally interact with large planes, using their ngers
and whole hand. However, as reported in the EncounteredLimbs paper, this comes at the cost
of very low interaction sti ness. Additionally, since the robot must move the presented pane
to follow the user as they slide their hand along large surfaces, EncounteredLimbs su ers the

same downside as CoVRJ and CoboDeckT78§; there is no relative motion between the pane
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and the user's hand, and so the user perceives no cutaneous sliding e ect. EncounteredLimbs

acts as the second benchmark device in this thesis.

String-based Haptics

HapticGEAR 57, SPIDAR-W 81], and Wireality [4]] are torso-worn string-based haptic
devices. All three devices allow the user to move their arm freely in free space, and then restrict
the user's hand and arm when interacting with a render. The wires are anchored between
the user's hand and the device, and the device can pull on or lock each string in order to
drive or resist the motion of the user's hand. HapticGEAR and SPIDAR-W feature wearable
frames which extend in front of the user's shoulders. Because string-based haptics can only
apply forces in tension, these frames provide anchor locations for the strings which allow the
systems to generate force vectors in more directions. For example, since Wireality is a shoulder-
mounted device whose strings act on the hand and are grounded on the shoulder, Wireality can
only produce force vectors pointing from their hand back towards their shoulder, resisting the
extension of the user's arm. HapticGEAR and SPIDAR-W use active motors to pull on the strings
and apply forces on the user. Wireality, however, employs the passive approach of mechanically
locking the strings to restrict the user's hand. This reduces Wireality's versatility, but increases
both its sti ness of response and its maximum force tolerance. While the maximum force
tolerance of an active interaction is limited by the strength of the motor providing it, the
maximum force tolerance of a passive interaction is limited by the strength of the mechanical
members in the system. Therefore, passive approaches like Wireality can achieve a much
higher force tolerance to weight ratio than active approaches like HapticGEAR, SPIDAR-W,
EncounteredLimbs, Naviarm, Calvo et al., or Mantis. For these reasons, Wireality is the third
and nal benchmark device in this thesis. The bene ts and limitations of Wireality's passive
approach, as well as of other approaches which achieve passive interactions, are described in

the next section.
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2.5 Haptics with Passive Interactions

Because of the inherent limitations of active interactions and the comparatively high sti ness,
strength, and realism provided by passive interactions, research trends in haptics have increas-
ingly turned towards passive approaches. This section details the variety of passive interaction
approaches employed by haptic devices across the literature. The two relevant subcategories
are passive approaches which lock the system in place and those which allow some freedom

by providing encounterable positional boundaries.

Locking in Place

DextrES b6, DextrEMS BY, and Blake et al. I(Q are haptic gloves which lock the user's
ngers in place to provide force feedback. DextrES employs an electrostatic brake, DextrEMS
uses a linkage with a ratchet and pawl, and Blake et al. uses magnetorheological brakes. While
DextrES and Blake et al. wait for the user to put their ngers in the desired pose before
engaging the brake, DextrEMS uses FEMS to actuate the user's nger into the desired pose,
and then locks it in place. Once the brakes are engaged, they provide immediate, sti response
whenever the user attempts to contract their ngers further and press into the rendered object.
Wireality [41] employs a similar technique, using a ratchet and pawl to lock strings one at a
time as each string's anchor point, a point on the user's hand, moves into contact with the
virtual geometry. All four of these hand haptic systems allow the user to disengage from the
render, but do not allow the user to slide along or explore the render. Because Wireality's
strings are all grounded at the shoulder, the user is able to move their hand while the system
stays locked. But rather than sliding their hand along the geometry of the virtual object, users
can only move their hand along the inside of a sphere with radius equal to the length of the
strings. As with the glove devices, if the user wishes to feel the shape of a di erent part of the
virtual geometry, they must disengage the rst render and reach to the new location.

CapstanCrunch104, Grabity [29, and Wolverine R§ are in-hand grasping devices which
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use mechanical brakes to provide force feedback. CapstanCrunch employs the capstan e ect,
where wrapping a cord around a cylinder ampli es the frictional force, to magnify the resistive
force of a small motor by a factor of nearly 40. While not strictly passive, this design presents a
primarily mechanical approach capable of rendering di erent levels of rigidity and compliance.
Grabity and Wolverine employ unidirectional mechanical brakes to provide resistive force
feedback. As the user moves their ngers about, they carry the disengaged brakes along rods.
When the user's grasp closes on a virtual object, Grabity and Wolverine engage the brakes,
which then clamp onto the rod. The brakes are designed to remain continually locked without
consuming power, but such that the user can release the brakes by loosening their grasp.
These approaches provide sti , high-strength interactions, but do not allow the user the

natural experience of freely sliding along or exploring the render.

Providing a Positional Boundary

Rather than locking the user's hand or ngers in place, some prior works achieve passive
interactions by setting up encounterable positional boundary constraints.

LucidGloves 11], for example, is a haptic glove which uses a boundary constraint to limit
the range of motion of each of the user's ngers. In this system, a string runs along the back of
each nger, and the magnitude of protraction of the string is limited by a hard stop, whose
position is controlled by a servomotor. Thus, LucidGloves provides a one-degree-of-freedom
constraint on the contraction of each nger. The user is able to encounter and disengage from
this constraint freely, yet in contrast to the locking devices above, the constraint still exists
after the user disengages from it.

Another approach that prior works have relied on to allow the user to explore the render
freely is to use proxy methods. The proxies themselves can be abstractly regarded as 3D
volumetric positional boundary constraints. AnnexingRealiq is a proxy-based method
which uses computer vision to nd appropriately shaped objects in the user's environment and

then colocates the virtual model with the corresponding physical object. Likewise, Alfiiégi [
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uses a grounded robotic arm to present the user with props. While these approaches are
appropriate for ungrounded objects, it may be impractical to modify the virtual world to
colocate large physical and virtual objects such as walls. PoCaBd [s a handheld controller

with a pin-array shape display. Once PoCoPo con gures the shape display, the pins are held in
place passively using lead screws, allowing the user to freely slide along the surface. However,
because the user must continually grasp the controller, they have a limited ability to disengage
from and reengage the render. PUPdR2f, HapticPIVOT Bg, and WeATaViX B3 are devices
which reposition a proxy into the user's hand when the user is about to grab a virtual object.
With this method, users are bare-handed when in free space, and can completely grasp, explore,
and let go of the proxies once they are presented. PuPoP in ates proxies on the user's hand,
and is not a strictly passive approach since it must maintain pressure to keep the proxy in ated.
HapticPIVOT and WeATaViX both use wrist- or hand-worn robots to swing a spherical prop
into the user's grasp when appropriate.

These devices and techniques provide insights into passive approaches which can provide
sti and realistic interactions. Yet, the approaches mentioned above are unsuitable for large
scale interactions. The approaches which lock the user in place are unsuitable for interacting
naturally with surfaces, and the proxy-based approaches are suitable for ungrounded objects
but, as discussed in 2.3, are impractical for large objects such as walls and tables. Therefore,
in this thesis we propose the novel technique of using pantographs to passively render entire

large planes and surfaces without requiring a full-scale proxy.

2.6 Regarding the Term Pantograph in Haptics

Despite the term Pantograph being common in the haptics literature, to the best of our
knowledge the pantograph mechanism has not been applied for VR haptics. Since 1993, the
word Pantograph has been used in haptics to refer to Vincent Hayward's famous haptic
instrument [94. In mechanics, a pantograph is a planar parallel-linkage mechanism that

can be used to passively generate scaled palts [Hayward's device is nicknamed The
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Figure 2.1: A representation of the planar active haptic technique nicknamed The Pantograph.

Pantograph because the device lIs the role of duplicating a digital sensation into the real
world, not because of mechanical similarities to the pantograph mechanism [18]. Rather, this
device is a planar active force feedback robot which uses motors to apply forces on the user, as
shown in Figure 2.1. The term Pantograph has subsequently been used to refer to systems
which are successors to Hayward's original device, including but not limited to The Pantograph
Mk-11 [21], PantoGuide 24, DualPanto [L03, Pantogripper L34, Yoon et al. 143, and Zhang

et al. [L47. This technique has also been adapted into successful commercial products, such as
the 2diy [137] and Inverse3 [52] under the Haply brand.

These systems di er from the work presented in this thesis both in terms of the working
principle and in terms of the interaction applications. Hayward's The Pantograph is an active
planar robotic haptic system that uses motors to apply forces on the user interface, which can
either be a pad for the user's nger, a thimble, or a pentip. These systems do not contain a
pantograph mechanism and therefore do not make use of its passive path scaling properties. As
well, these devices are unsuitable for direct comparison with the prototypes presented in this
thesis since, in addition to the above, they are not used for body-scale, midair interactions. Most
often, these devices are used for planar on-desk interactions or are adapted to hand-rendering
applications in a controller form factor. Some applications support midair interactions, such as
DualPanto L0F and the Haply Inverse332), but the workspaces are kept small in order to
keep transparency high. MantisS] and EncounteredLimbsq are active robotic devices and

so have the same working principle as the aforementioned Pantograph devices, but are more
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suitable representations of the active robotic technique for comparison with the work in this
thesis because they are large-workspace systems which can render body-scale interactions.
While to the best of our knowledge pantographs have not been applied to large scale or VR
haptics, Boukhnifer et al.]2 used pantographs haptics in micromanipulation, HandMor@#]
used a mechanism similar to a pantograph for hand-scale haptics, and Perry e2Zalided an
o shoot of a pantograph mechanism for a rehabilitation haptic device. Boukhnifer et al. used
two pantograph mechanisms for a two- ngered micromanipulation haptic interface. This work
used their device to miniaturize nger movements and to provide haptics to the user during
micromanipulation tasks. The primary application of their interface was in the manufacturing
of specialized multimaterial microsystems. This work neither applies the pantograph for
rendering virtual content nor for large-scale midair renders. HandMorph uses a mechanism
which approximates path scaling to allow a user to feel small objects as if they were magni ed
in size, or correspondingly, if the user's hand was miniaturized. HandMorph has the form
factor of an exoskeleton glove, with the passive exoskeleton scaling mechanism on the palmar
side of the user's hand. The primary application of this work is to allow adults to better develop
products for children. However, HandMorph's slot-based mechanism is not a pantograph, and
the work focuses on in-hand grasping of real objects, rather than rendering large-scale or
virtual content. Perry et. al. designed a variable structure armrest form factor active robotic
haptic rehabilitation device named The Universal Haptic Pantogra@d fvhich incorporates a
pantograph linkage. However, this device dynamically changes the link lengths of the linkage
to apply haptics, and so does not form a valid pantograph mechanism during use. As well,
this device uses motors to apply active forces on the user, rather than using the path scaling
property to set up passive positional boundary constraints. Therefore, none of these three
works have touched on the subject matter of this thesis, which is to passively render body-scale

immersive surfaces passively by constraining the small-scale path of a pantograph linkage.
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2.7 Summary

In this chapter, we outlined the categorizations of haptic systems and key terms which are
relevant to this thesis, we described the relevant prior work in the areas of fully-grounded
kinesthetic haptics, body-grounded kinesthetic haptics, and haptics with passive interactions,
and we addressed the presence and use of pantographs in the literature. The most important
concepts are the system's force grounding location, the distinction between whether the
system is active or passive and whether an interaction is active or passive, and the de nition
of encountered-type haptics. The three benchmark prior works for this thesis are Ma8}js [
representing both fully-grounded and body-grounded robotic arms; EncounteredLis@s [
representing a wearable encountered-type robot; and, WireaHty] [representing a body-scale
wearable passive technique. To the best of our knowledge, no prior work has used pantographs
to render passive midair interactions with large-scale surfaces. In the next chapter, we introduce
PantographHaptics: our novel technigue, which achieves this portable passive rendering of
large surfaces and therefore circumvents the limitations of active robotic systems, extends
beyond the capabilities of existing passive methods, and importantly, preserves portability,

distinguishing it from conventional full-scale proxies.
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Chapter 3

The PantographHaptics Technique:
Using Pantographs to Passively

Render Large Surfaces

In this chapter, we contribute the introduction and description of our novel haptic technique for
transparent, passive interactions with large surfaces, called PantographHapticgograph
Hapticsis the proposition and method of applying a pantograph for force feedback by con-
straining a pantograph's small-scale node using a passive positional constraint, creating an
invisible, encounterable midair render for the pantograph's large-scale node. A pantograph is a
mechanism with small- and large-scale nodes which follow scaled, geometrically similar paths.
We rst present the principle and terminology of the pantograph mechanism, then we
explain how we apply the pantograph for haptics using the PantographHaptics technique. By
clearly explaining the functionality and technical characteristics of the pantograph mechanism,
we equip researchers to understand the limitations and potential of PantographHaptics, both
within the context of this thesis and when implementing future devices. By detailing the
approach and general considerations of PantographHaptics, we contribute a novel technique

for force feedback haptics which overcomes the inherent limitations of prior devices.
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Over the course of this chapter, we introduce di erent terms referring to the same nodes
of the pantograph, such as base node, scaling node, input node, output node, small-scale node,
and large-scale node, constraint node, and interface node. These names are descriptive terms
which discriminate the node of interest by using information about its function within a given

context.

3.1 The Pantograph Mechanism

This section lays out the foundational knowledge of the pantograph mechanism which is
required to understand the PantographHaptics technique within the context of this thesis. First
we outline the general principle of the pantograph mechanism, then provide an explanation of

its terminology and technical characteristics.

3.1.1 General Principle and Uses

A pantograph is a planar mechanism with nodes that move in scaled, geometrically similar
paths?! Figure 3.1 shows a pantograph traversing a triangular path. As shown, both the light
green and dark green scaling nodes follow triangular paths which are geometrically similar,
meaning that they share the same shape, proportions, and orientation, but have a di erent size.
This relationship between these paths is known in geometry as a homothetic transformation.
In a pantograph, the xed base node is the center of dilation, which is the in ection point of
the homothetic transformation.

Figure 3.2 illustrates how the input node is de ned tracing the original path, while the
output node is de ned to be producing the scaled output path. Either of the scaling nodes can
act as input or output. Therefore, the pantograph mechanism can be used for enlarging or for

shrinking a path or design.

1please see 0:20-0:28 in the supplementary le ucalgary 2024 friedel_marcus_video.mpg for a video of a
pantograph in motion.
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Figure 3.1: An illustration of a pantograph moving along a triangular path.

Figure 3.2: An illustration depicting (A) path enlarging and (B) path shrinking. In both cases,
the input node is de ned to be tracing the original path, while the output node is de ned to be
producing the scaled path.

Pantographs are well-established mechanis®§ jvhich have been in use since Greek
times, having been famously highlighted by Heron of Alexandria in Heron's Mechar3ék [
Pantographs were commonly used for precise craftsmanship tasks, typically scaling up or down
maps, schematics, graphics, or part designs. Until the advent of Computer Numerical Control
(CNC) machining, pantographs were used as a tool for precise machining, as in the example of
the propeller shown in Figure 3.3, which was machined in 1964 with a point-to-point tolerance
of (0'003"by using a pantograph to scale down a plasticine model four times as large. As a

counterpoint to the research prototypes implemented in this thesis, this example illustrates
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the high degree of sti ness that well-engineered pantographs can achieve, given that even
slight deformation in the linkage would have machined the propeller out of tolerance. Today,
pantographs are used most commonly for their linear extension properties in applications such
as scissor lifts, streetcar electrical connections, and retractable makeup mirrors, and for their
path scaling properties in applications such as microelectromechanical systems (MEMS), where

the simplicity of physical mechanisms is advantageous at the micro and nano sc&0ek1].

Figure 3.3: A photograph of a Mk 46 torpedo propeller machined in 1964 to a tight tolerance
with the aid of a pantograph.

3.1.2 Scaling Factor

The factor by which the path is scaled is called the scaling fadthand is determined by the
linkage geometry and which node is acting as the base node. Therefore, a desired scaling factor
U can be achieved by correct prescription of the link lengths and joint positions. Figure 3.4
shows four pantographs with scaling factots= 0°2, U = 0’4, U = 06, U = 0"8. Depending on
which node is de ned as input and which is de ned as output, these scaling factors could be
inconsequently inverted and reported 890 250 167, and125 respectively. However, for

clarity and consistency, in this thesis we de ne the scaling factdto be in the range 0= 1°.
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Figure 3.4: A set of simple pantographs with varying scaling factors. The scaling factors, from
left to right, areU = 0"2, 04, 06, and0'8.

Figure 3.5 shows how any of the scaling nodes can act as a base node, and demonstrates
how this changes the e ective scaling factor of the mechanism, even though the ratios of the
distances between nodes in the linkage remains constant. In this gure, the dashed red circles
are sample paths of the scaling nodes. We de ne the large-scale node as the scaling node
further from the base and the small-scale node as the scaling node closer to the base. This
terminology is useful when it is ambiguous which node is acting as input and which is acting
as output. The pantograph mechanism ensures that, regardless of the pose, the scaling and
base nodes always lie on a straight line and the distance between nodes maintains a constant

ratio according to the scaling factor.

Figure 3.5: An illustration showing how any node can act as base, and how the large-scale node
is de ned as being further from the base and the small-scale node is de ned as being closer to
the base.

Figure 3.6 de nes the symbolic variables which describe a simple pantograph's geometry.
The determining factors which de ne this linkage as a pantograph are the presence of the

parallelogram and the following relationships:
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