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CHAPTER 1

Introduction

1.1 Background
1.1.1 Current technologies for virtual reality and augmented reality provide realistic visual experi-

ence but lack of physical interaction, especially interaction under gravity
Virtual reality (VR) and augmented reality (AR) have been developed for the past few decades and with the
recent development of affordable and portable head-mounted-devices (HMD), VR and AR are nally able to
provide realistic visual experience to users [1]. VR creates high-resolution visual effects and environments
while AR overlays the surrounding environment seamlessly with virtual components. VR and AR technolo-
gies have not only revolutionized the entertainment applications and remote interaction, such as enabling
users to engage in virtual tennis matches with friends, but they have also become one of the most promising
emerging technologies for professional training, such as virtual medical procedure training and ight sim-
ulation for pilot training [2, 3, 4]. Despite these advancements, a critical aspect of immersiveness remains
unaddressed -the absence of substantial physical interactitvhile users can see and interact with virtual
objects visually, the absence of corresponding physical sensations can diminish the overall immersion. A
true realistic and immersive experience requires a holistic sensory experience beyond convincing visual cues.
Physical sensations, including weight, texture, and temperature, while interacting with virtual objects are
some of the most crucial parts to complete the fully-immersive experience [5, 6, 7].

Among multiple physical sensations, the perception of weight or gravity is one of the most important
senses as it shapes how humans interact with the world, in uencing our perception of space, balance, and
orientation [8]. The human vestibular system, responsible for detecting changes in motion and spatial ori-
entation, relies heavily on gravity cues to function effectively [9, 10]. Studies have indicated sub-optimal
performance under conditions where there is a discrepancy with Earth gravity, such as using virtual real-
ity [11, 12]. While additional training and adaptation are possible, it is nearly impossible to fully adapt to
the absence of gravitational effects when con icts arise between bodily and visual gravity cues [8]. More-
over, humans rely on the gravitation related sensory information to such a degree that it overrules any other
sensory information to its contrary [8]. Visually and bodily perceived gravity, along with the interiorized
representation of gravity, direct our interactions with objects in daily tasks, such as grasping, catching, and
throwing. Thus, technologies that reintroduce gravitational forces or attempt to emulate the gravitational cues

are needed to overcome the bottleneck hindering the enhancement of realistic and immersive experiences and



to further bridge the gap between our innate sensory experience in physical reality and virtual or augmented

reality.

1.1.2 Humans perceive the weight of real objects with cutaneous and kinesthetic sensory systems

Humans interact with the real world using a multi-sensory system with sophisticated haptic feedback [13,
14, 15, 16, 17, 18]. While grasping a real object, two major sensory feedback mechanisms are involved:
(i) cutaneous or tactile feedback and (ii) kinesthetic feedback. Cutaneous feedback relies on the sensations
derived from the skin, including pressure, texture, temperature, and stiffness of the object. For example,
while manipulating an object, the mechanoreceptors in the skin enable the sensation of touching, which in
turn provide information on the texture of the object. The skin pressure during contact provides information
on the stiffness of the object [19, 20]. The weight of an object creates shear force which stretches the skin
of the ngers to create the sensation of the “heaviness” of the object [18, 21, 22]. On the other hand, the
kinesthetic feedback uses the kinesthetic mechanoreceptors encoding information on the state of muscles,
tendons, and joints [15], and directly transfers the force required to move the object through the human
muscle-tendon system, which provides the information on weight of the object. The complex and sensitive
system works seamlessly together to provide a realistic and comprehensive understanding of the interaction.
However, such a multi-sensory system is dif cult to create for virtual or augmented reality applications due

to the multi-factorial nature of physical perception, as well as the mechanical design complexity of producing
the absent physical stimuli.

While both cutaneous and kinesthetic feedback are important for human perception on the weight of
objects, studies have found that while cutaneous feedback is more accurate for lighter weldlagtams),
kinesthetic feedback is more reliable for heavier weights300 grams), and both are equally reliable for
weights between 100 and 300 grams [15]. In VR and AR environments, one way to introduce the absent

sensory information of the weight of the object is to recreate the stimuli using haptic feedback.

1.1.3 State-of-the-art technologies for weight perception in VR may not be suitable for AR

Virtual reality provides a computer-generated visual environment which completely replaces the real world

surroundings of the user. This complete replacement not only allows the designers to de ne their own models
of gravity and object interaction, but also eliminates the necessity to engage with the actual environment.
Instead of occluding the real environment, augmented reality, or mixed reality, superimposes the created
virtual environment on the real environment. This allows users to perceive and engage with both virtual and
real objects, which adhere to conventional physical laws, without obscuring the actual surroundings. Since,

in VR, the real environment is entirely substituted by the virtual environment, approaches for reintroducing



weight perception in VR do not consider the interaction with real objects, such as grasping and holding real
objects; thus, the design solutions may not be compatible for AR applications. For example, solutions in AR
must not occlude the hands or interfere with interactions with real objects. Overall, AR has more restricted
design objectives as both the virtual and real world are subject to conventional physics. The following sections
will explore the current state-of-the-art approaches in VR and brie y discuss the challenges of applying these

current approaches to AR.

1.1.3.1 Pseudo-haptic approach uses visual mismatch to indicate weight information without provid-

ing actual haptic stimulation
Researchers have taken different approaches to compensate the absence of physical interaction of virtual
objects in virtual and augmented reality. One way to provide interaction with the virtual world is to use a
pseudo-haptic approach, which uses virtual cues, such as mismatching speed or position between the virtual
objects and hands, to create relations between the weight of the objects and the mismatch. For example, in
[23, 24, 25, 7], larger position tracking error between the virtual objects and the hand-held controller indi-
cated the heaviness of the virtual objects. While this mismatch association can be obtained through training,
this approach does not resemble the same realistic experience as the cutaneous or kinesthetic feedback. Ad-
ditionally, the visual cue could be useful for virtual objects in VR, but in the case of AR, users need to switch
between haptic feedback for real objects and pseudo-haptic feedback for virtual objects, and this switch may

signi cantly reduce the immersiveness and realism in AR.

1.1.3.2 Cutaneous approach creates sensation on ngers to convey weight information, but such de-
vices prevent interactions between users and real objects in AR

With the cutaneous approach, researchers have implemented vibrotactile feedback, sliding-belt or moving
platform, and electrotactile stimulators to the hand-held controller or additional devices on ngers [26, 27, 28,
29]. Vibrotactile approaches use an asymmetrical vibration created by miniature electromechanical actuators
to create “shear force” on ngertips, which creates a similar sensation as when grasped objects stretch the
skin of the ngertips. In addition to asymmetrical vibration, some devices use two motors to spin in the
same or different directions, like sliding belts, to create normal and shear forces on the ngertip to provide
the sense of object weight [19, 30]. Others have successfully created the skin stretch for weight sensation
using “moving-platform” or parallel mechanical structures [31, 18]. Instead of using vibration or contact
forces, electrotactile actuators generate haptic sensation by injecting a small amount of current with the
electrode pair attached to the skin to stimulate the nerves under the skin [28]. However, this method is less

practical due to the challenge of maintaining suf cient levels of current and the variation of skin impedance



across individuals. Some devices use locking-mechanisms, clutch, and springs to provide resistive force in
addition to generating shear force at the ngertips. Wolverine [32] and Grabity [5] use locking mechanisms
to mimic when the ngers grip an object, such as a mug, while the sliding-platform and vibrations at the
ngertips provide the weight sensatiohlowever, because these devices are mounted on the ngers, such
devices inhibit the interaction between the user and real objects, which is crucial for augmented reality

applications.

1.1.3.3 Haptic transfer method avoids the nger and palm areas but the effects on weight perception

in AR and VR are limited
One way to create haptic feedback without covering nger or palm areas is to use haptic transfer, which is
a common strategy used in the eld of sensory prostheses [33, 34, 35]. For instance, some prosthetic hands
apply vibrations to the wrist, forearm, or shoulder as a substitute for sense of ngers and palms or convert
and transmit the force sensed at the prosthetic hand to the stump. Researchers have adopted this method,
presenting the haptic sensation of the nger to other parts of the body, for haptic devices including VR/AR
applications. For example, arm bands have been developed to squeeze the arm or apply vibration to the
forearm when the hands are in contact with virtual objects [36, 37]. Although those interventions have shown
suf cient system performance including detecting the stiffness of objects, task execution time, accurate force
control and force bandwidth, and comfort level, the effects of those devices on weight perception in VR or

AR environment still have not been fully elucidated.

1.1.3.4 Kinesthetic approach provide external force or torque to hands to enhance weight perception,

but dorsal-based feature may obscure hand-tracking for recognizing interaction with real ob-

jects in AR
Using the kinesthetic method, many devices are mounted on the back of the hand to avoid covering the nger
or palm areas. These dorsal-based devices use cable [38, 39, 40, 41], linkage [42, 43, 44], spring-clutch [45],
magnetorheological uid [46], or micro hydraulic uid [47] to actuate multiple ngers to provide force. Many
of the dorsal-based exoskeletons provide multiple degrees of freedom, with light-weight (less than 500g)
compact designs [48, 29]. One of these designs is the hand exoskeleton actuated with a push-pull Bowden
cable in combination with sliding springs at the ngers. The system of oads the weight of the actuation unit
from the end effector to the user's back using a remote actuation system [38]. This exoskeleton can provide
up to 35N of force while achieving a weight reduction of 56% compared to devices that have similar force
output [49]. However, the form factor of these devices and the covering of dorsal area may obscure

the hand tracking function on head-mounted-devices for augmented realityTherefore, introduction of



the physical stimuli has been a challenge for augmented reality as the current state-of-the-art haptic devices
and approaches for weight perception used in virtual reality are often not suitable for augmented reality. The
challenges faced when applying existing technigues in VR to AR applications, as discussed in the previous
sections, motivate the need for the design and development of a new approach for providing physical and

weight stimuli speci cally in augmented reality contexts.

1.2 Summary

In this dissertation, | addressed several aforementioned knowledge gaps in the eld of wearable haptic tech-
nology and haptic perception in augmented reality. First, | designed and characterized a powered wrist
exoskeleton for weight perception in augmented reality; then, | conducted human subject experiment to in-
vestigate whether (i) the wrist exoskeleton can provide weight sensation for virtual objects with minimal
haptic feedback in AR, (ii) a weight mapping between virtual objects and their physical counterparts can be

created, (iii) different grip methods affect the weight mapping.

1.3 Dissertation Contributions
1.3.1 Chapter 3 Contributions
The primary contribution of Chapter 3 is the design, development, and device evaluation of novel
powered wrist exoskeleton with minimal haptic feedback Despite the signi cant advancements in visual
realism achieved in VR and AR, the absence of physical interaction, particularly the sensation of weight,
poses a signi cant obstacle to the seamless integration of AR or VR experiences in everyday contexts and
training programs. To incorporate the sensation of weight into the realms of VR and AR, numerous devices
have been developed. While those devices have successfully emulated the sensation of weight through dif-
ferent approaches within the VR context, these solutions often fall short when applied to AR environments.
This limitation arises from the unique nature of AR, where users must be able to perceive and interact with
both real-world and virtual objects seamlessly.

In this chapter, we present a simple lightweight wrist exoskeleton for weight perceptiontimeARTrial-
ity, employing a kinesthetic approach that is compatible with AR head-mounted-devices. The exoskeleton
uses a remote actuation unit, wherein the motor and controller are mounted to the user's back. This of oads
the majority of weight from the end effector (i.e., the wrist). The exoskeleton is adjustable to t different hand
or arm sizes. It is actuated by a Bowden cable system which transmits the power from the remote actuation
system to the wrist without the complexity or bulk of an anchor or pulley system. We conducted a compre-
hensive assessment and characterization of the device, and we demonstrated that this wrist exoskeleton has an

ample range of motion (70 degrees for extension/ exion and 160 degrees for adduction/abduction), relative



high system ef ciency (74%), suf cient force capacity:{b-10N applied to hand), accurate and fast force
control £ 5% of steady state error ard50 ms of rising time), and adequate position tracking bandwidth
(above 5 Hz). The experiments reveal that the designed exoskeleton can accurately and quickly apply forces

to the wrist, as necessary for weight perception.

1.3.2 Chapter 4 Contributions

The primary contribution of Chapter 4 is evaluating the ability of the wrist exoskeleton to create the
sensation of weight for virtual objects and establishing weight mapping between virtual and real ob-

jects, considering various grip methods. While the ability of the Wriality exoskeleton to apply forces
quickly and accurately to the wrist was demonstrated in Part 1, the ability of the prototype to create subjec-
tively accurate sensations of weight for virtual objects remained a knowledge gap. To evaluate its ability to
emulate the weight of virtual objects in augmented reality, we conducted a human subject experiment, where
the participants were asked to wear the Wriality exoskeleton while manipulating virtual and real objects.
We used quantitative data and statistical analysis to create a weight mapping that correlates virtual and real
objects across various grip methods and weights. The mapping indicated that a compensatory force may be
necessary to ensure that virtual and physical objects are perceived to weigh equally, possibly due to the lack
of cutaneous feedback. These ndings have the potential to guide haptic device designers for AR in develop-
ing strategies to address or offset the disparity in weight perception resulting from the absence of cutaneous
feedback. We gathered user feedback with Likert scale surveys and open-ended questions to assess comfort
levels and gauge the impact on realism and immersion in AR. The qualitative analysis of this feedback re-
vealed that the Wriality exoskeleton substantially enhances both realism and immersion in AR environments.
Additionally, our study demonstrated that the “just-noticeable-difference (JND)” in weight discrimination,
assessed through the adaptive staircase method, was not signi cantly in uenced by the device. The JND
values recorded fall within the higher end of the range reported in existing literature.

Our study is the rst to explore the weight mapping and the effects of grip methods on weight perception
between virtual and real objects using a wearable device that produces minimal haptic feedback. The results
from this work are planned to be submitted to a peer-reviewed journal, IEEE Transactions on Visualization
and Computer Graphics (TVCG), and also in a provisional patent application. This is a collaborative work

with Alexandra Watkins.



1.3.3 Contribution Deliverables

1.3.3.1 Journal Papers

T. Zhang, A. Watkins, and N. Sarkar, “Design and Validation of a Wrist Exoskeleton for Weight Perception
in Augmented Reality (Wriality)”JEEE Transactions on Visualization and Computer Graphics (TVQG)
preparation, 2024

1.3.3.2 Patents
N. Sarkar, A. Watkins, and T. Zhang, “Design and Validation of a Wrist Exoskeleton for Weight Perception

in Augmented Reality”, in preparation, 2023



CHAPTER 2

Literature Survey of Haptic Devices

Virtual reality (VR) and augmented reality (AR) are rapidly improving technologies with the potential to have
profound impacts on the daily lives on many. VR aims to place users into completely virtual environments,
while AR aims to supplement reality with overlaid or virtual objects and cues. In addition to entertainment
purposes, both of these technologies have implications for workplace, education, and training purposes. A
key advantage of VR and AR over conventional 2D screens istheersivenesafforded by the ability of

the devices to successfully “trick” our senses. AR and VR devices have seen large improvements in graphics
rendering and processing power required to generate realistic visuals. However, while visual and audio cues
in VR and AR are fairly advanced, one key de ciency in these devices is the lapkydicalcues, or the
sensation of touch.

By incorporating feelings of touch or force, AR and VR could substantially increase immersiveness, and
thus utility as a potential teaching, workplace, or training aid. Generally, mechanisms designed to create the
sense of touch fall under the umbrella of haptics. Haptics is the study of the sensation of touch, which can
be divided into two major sensory systems: cutaneous feedback and kinesthetic feedback [50]. Cutaneous
feedback originates from mechanoreceptors in the skin, which can detect temperature, force, pressure, texture,
and stiffness of objects [51]. Kinesthetic feedback originates from receptors inside of muscles and skin and
can detect internal and externally applied forces [52]. Understanding these sensory mechanisms, haptics
researchers and engineers have developed devices that utilize these sensory mechanisms in unique ways to
emulate physical sensations of touch.

In this chapter, we survey the current methods haptics researchers use to emulate the sensation of physical
touch, and evaluate them in the context of AR and VR. We rst separate our literature survgyaatwed
andwearablehaptic devices, where grounded refers to externally mounted devices and wearable refers to
haptic devices that are mounted to the human body. We next separate our survdiyeicitand indirect
haptic methods; direct haptics referring to devices that try to recreate the same physical sensation at the
same location as a physical equivalent, while indirect haptics refers to devices that attempt to redirect or use
other sensations to remap sensations. Indirect methods explored ipskutdohapticandtransfer haptics
Direct haptic methods are sorted by sensory method, which includaseousenses ankinestheticsenses.

Further separations are made based on the speci ¢ mechanism used to generate the cutaneous or kinesthetic

sensation.



2.1 Grounded Devices
Grounded, also know as “tabletop”, devices are favored for their robustness, precision, and reliability. Grounded
devices transmit the reaction force to an external surface. PHANToM Premium is a grounded direct haptic
interface which provides kinesthetic feedback to the user; however, the work space is only about a keyboard
size while the device weighs around 9kg [53]. A similar device, the Force Dimension Omega.3, weighs
around 7kg with a volume of around@® m® (or 30 liters) [54]. Both provide accurate and precise force
feedback with a wide range of forces, several degree of freedom, and minimal backlash. However, the size
and form factor of such devices is not compatible with many AR and VR applications which require free
movement around a space. Even so, grounded haptic devices provide unparalleled accuracy and remain su-
perior for stationary VR applications, such as tactile driving simulators [55], or attached to larger machinery,
such as facilitating interactions with robots [56].

Unlike grounded devices, which use sturdy structures to transfer reaction forces to the ground, wearable
devices must of oad reaction forces to another part of the body. In addition to the challenge of reaction
forces, other challenges of wearable devices include form factor, weight, impairment, and comfort. In the

next section, we explore the different modalities of wearable haptic devices.

Figure 2.1: Overview of the survey

2.2 Wearable Devices

2.2.1 Indirect Approach

2.2.1.1 Pseudo-haptics

Pseudo-haptics uses visual feedback instead of active haptic stimuli to create haptic related perception illu-
sions by using the cross-modal effect in the brain between visual and haptic sensations [57]. This method
has been used to alter various haptic properties such as the stiffness of a virtual sporing and texture of an
image and mass of a virtual object [58]. The visual stimuli is usually modi ed on the control-display ratio,
commonly referred as C/D, and velocity.

One common technique used in pseudo-haptics is modifying the control-display ratio. In the context of
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weight perception, this is achieved by modulating the amount of movement between the virtual and actual
hand, where larger displacement indicates heavier objects. In [25], the users were asked to lift and discrimi-
nate the weight of the physical wooden blocks while wearing custom motion capture gloves with the HMD.
The lighter objects followed the hand of the user, while the heavier objects required larger displacement be-
tween the object and hand. A similar concept was adopted in [7], where the displacement between the object
and the controller was in the context of bowling game. However, this offset method works better on relative
weight differences than the absolute weights.

Velocity may also play a role in estimation of forces or weights. Humans relate the weight of the object
with the movement speeds, where lighter objects travel faster [59]. In [60], researchers found that implement-
ing a visual delay could effectively create the perception of weight, where a longer delay in speed correlated
to the object being perceived as heavier.

Pseudo haptic devices enable the perception of weight without adding to the device weight, compromising
comforting, or constraining the motion of the user. These devices also do not suffer from the limitation of
design complexity. However, while visual pseudo-haptic effects can deliver proprioceptive and kinesthetic
cues of stiffness without grounding the user, they lack the tactile and force-feedback cues that are necessary
for true haptic feedback, and thus limit immersive potential in AR, especially when switching between real

objects and virtual objects.

2.2.1.2 Haptic Transfer
Another indirect approach to create haptic-like sensation is the haptic transfer method. The haptic transfer
method consists of applying haptic cues away from the expected point of the sensation to remap sensations.
This method has been implemented in prosthetic devices. In the prosthetic realm, in order to allow the
amputee to regain the feeling from the prosthetic limb, the force received at the sensors on the prosthetic limb
can be transferred to the residual limb [35, 37]. A haptic device is placed away from the location to provide a
sensation that is similar to the sensation created at the limb. For example, a prosthetic hand may be equipped
with pressure sensors to detect force, and the sensation is transferred as squeezing force or vibration at the
wrist of the user when an object is grasped. Adopting this method from the rehabilitation realm, a wrist band
(Tasbi) [36]) was created to generate the sensation of touch using a combination of squeezing force at the
wrist and vibrotactile feedback. In [37], a similar concept was used, the sensation is transferred from the
nger to wrist. Many studies [61, 62] have adopted the similar methods to transfer the sensation from the
nger to wrist, forearm, and shoulder, where the ngers and palm are left free.

Haptic transfer uses many design cues that are favorable to AR and VR, such as locating the actuators

away from the end effector and avoiding structures that occlude hands, necessary for AR hand tracking.
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However, while haptic transfer is useful for adding or remapping sensations from one location to another,

they do not directly recreate the same sensation and would likely reduce immersion.

2.2.1.3 Mixed of Pseudo and Haptic Transfer

In [63], the authors combined the visual pseudo-haptic cues, tactile feedback, and haptic transfer to achieve
a multi-sensory device. This work used Tasbi [36], a wrist band that applies discrete vibrotactile feedback
and continuous squeezes to the wrist in addition to changes in the control-to-display ratio (C/D) as an object
is interacted with. They successfully improved the stiffness discrimination of the user. Similar to the pseudo
and transfer haptics, the combined method used in this study still faces the limitation of relying on a different

sensation to represent stiffness of an object, which may not be suitable for AR contexts.

2.2.2 Direct Approach
Different from the aforementioned indirect approach, direct haptics approaches require force sensations to be

created by the haptic devices, using either cutaneous and kinesthetic methods.

2.2.2.1 Cutaneous
Mechanoreceptors in the skin allow humans to sense cutaneous feedback on vibration, temperature, force, and
pressure when interacting with objects. Haptics designers can stimulate these cutaneous senses by stretching

the skin, applying vibrations to the skin, or using electrical stimulation.

2.2.2.1.1 Skin stretch

Mechanoreceptors can detect changes on contact surface, local surface orientation, and skin stretch [64].
Researchers have been exploring using small devices to induce skin stretch to mimic force sensation. For
example, using a moving platform or moving belt can create shear force at the ngertip. In the 3RRS
(Revolute-Revolute-Spherical) system [65], a rigid platform was actuated by three servo motors to induce
deformation stimuli at the ngertip of the user.

Additionally, the hRing device [4], designed to be worn on the proximal phalanx of the nger, utilized a
moving belt driven by two servo motors to stretch the skin of the nger. Both devices were evaluated by [1] in
tasks involving the differentiation of virtual object weights during pick-and-place operations. Creating skin
stretch has successfully rendered the perception of weights. For instance, the Gravity Grabber [30] creates a
sense of weight by using shear force feedback in one degree-of-freedom and normal force feedback in another
degree-of-freedom. However, since the skin can detect both the magnitude and direction of the shear force,
devices with at least three degree of freedom are needed to accurately render weight perception [66, 65].

Furthermore, adding actuators to the ngertips may impede interactions with real object in AR applications.
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2.2.2.1.2 Vibrotactile

Vibrotactile haptics have been used for several decades because of the compact, lightweight, and simple
implementation. Vibrations can be created using voice coil actuators, linear resonant actuators, and piezo-
electric actuators.

For instance, when vibrations are applied to the ngertips, the sensation of picking up weights can be
rendered; [67] established the relationship between vibration intensity and weight. Other research has imple-
mented asymmetric vibration using crown gears engaged with a DC motor that rotates in opposite directions
for each layer; different oscillation patters have been shown to create unique sensations for sensing forces
and weight of holding objects [68].

Vibrotactile feedback can also render accurate perceptions of weights or forces, but similar to skin stretch-

ing, devices being placed on the ngertips may obstruct interactions with real objects in AR.

2.2.2.1.3 Electrical stimulation
Electrotactile sensations are induced by low-level electrical current pulses to the skin [29]. This sensation is
not regulated by the receptor, instead, the nerve bers are directly stimulated. By changing the intensity and
the quality of the stimulation, such as modulating the parameters (pulse width, amplitude, and frequency) and
the location of the active channel, the perception of cutaneous sensation can be conveyed. Some research [69]
employed electrical muscle stimulation (EMS) to induce contractions in antagonist muscles (e.g., triceps and
shoulder muscles) in order to generate tension in the biceps and pectoralis muscles, resulting in a perceived
sensation of weight.

Electrical stimulation is advantageous for the lack of mechanical components needed (e.g., motors); how-
ever, electrical stimulation is dif cult to accurately control as skin impedance varies across individuals, and

it is dif cult to maintain suf cient current [28].

2.2.2.2 Kinesthetic

In contrast to cutaneous methods, kinesthetic methods rely on receptors not on the skin, but rather those
located on other internal body parts. When touching or grasping an object, internal information involving
receptors located in muscles, tendons, and joints, can convey information about forces in addition to the skin.
These receptors, called proprioceptors, provide information about the position, movement, and tension of
muscles and joints to the brain [50]. Therefore, by applying force to muscles, external devices can stimulate
these receptors to create the perception of touch or weight. Here, we discuss the devices based on their

actuation types and end effector locations.
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2.2.2.2.1 Actuator types

In wearable haptic devices, one of the major challenges designers face is locations of actuators and end
effectors. Some devices locate the actuators close to the end effectors, such as the nger, palm, wrist, and
forearm. While other devices choose a remote actuation unit placed further from the end effector. No matter
the location of the actuators, effective force transmissions are needed to transfer the torque from the actuators
to the end effectors for better performance.

Rendering kinesthetic force feedback is a complex and multidimensional challenge due to the diverse
range of potential interactions. Since the nger or hand interacts with object in various ways, a wide range
of magnitude and directions of the forces are needed. Another challenge involves balancing the space con-
straints while leaving targeted areas of sensations free, such as the tips, palm, and back of the hand. This
challenge necessitates a compact transmission, as maintaining unrestricted access to the targeted sensory re-
gions requires the design to be out of the way and to not impede motion (i.e., low friction, low mass and
inertia, and no backlash).

One approach is to use cables to create an external tendon structure. Given that the cables have low
mass and inertia, and are able to transfer load away from the end effector, cable-driven methods are popular
among the dorsal-based approaches. Although cables are exible and can transmit power when bent, they
require anchor points and mechanisms to maintain the cable tension, which results in complex supporting
structures. Due to the complexity of these supporting structure [48], dorsal-based devices impose problems
due to occlusion of hand for AR purposes.

Another common actuation used is direct drive with DC motors. Some locking mechanisms [32] use
DC motors to become rigid to simulate reaction forces applied by objects. Similarly, Grabity [5] used a
brake mechanism with a slider to create the rigid structure to apply reaction forces. For example, when
grasping a virtual object, the device does not allow the user's ngers to collide and it provides a resistive
force. However, the restrictive movement is unidirectional and cannot render position-dependent forces (e.g.,
stiffness), reducing its overall versatility.

Pneumatic actuation [70, 71] can provide suf cient forces with low air pressure. With soft robotics devel-
oped over the years, jamming principles have been adopted to create kinesthetic haptic sensations. Jamming
uses material that can transition between a uid-like state and a solid-like state when subjected to certain con-
ditions, such as changes in pressure [72]. Haptic gloves developed by [73] can render stiffness changes when
grasping virtual objects by changing the vacuum pressure. However, pneumatic systems require a source of
compressed air and add potential design complexity, control complexity, and noise, both of which can ef-

fect the experience of AR. Additionally, hydraulic actuation can also provide suf cient forces [49]; however,
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the large form factor can interfere with hand tracking in AR and hydraulic actuation increases the design
complexity.

In summary, wearable technologies can transfer force through pneumatic, cable-driven, and linear actua-
tors. Pneumatic systems are compliant and exible to follow human body; however, it is dif cult to achieve
accurate force control due to non-linearities, and implementing multiple components may impose practical
concerns [74]. Cable-driven systems offer exibility with low physical pro le while requiring less necessary
components. However, backlash and transmission must be carefully considered. DC motor actuation and lin-
ear actuation are easy to implement force control; however, backdrivibility and spacial constraints may limit
the wearability [75]. AR designers must carefully consider the limitations of each actuator type to generate
accurate kinesthetic haptic feedback in wearable devices. Another design consideration is the location of the

end effector, which we survey next.

2.2.2.2.2 End-effector locations

Dorsal-basedhaptic interface devices are worn or operated on the dorsal (back) side of the hand or ngers.
This type of approach implements external tendons for each nger using springs and clutches, cables, mag-
netorhelogical uids, and micro hydraulic systems. One of the rst commercial force-feedback haptic gloves,
CyberGrasp, can apply up to 12 N to each nger [76].

Since many dorsal-based gloves use a cable-driven tendon-like structure to apply force for each nger,
the direction of the force is dictated by the direction of the wire; whereas the grounded devices can provide
force in three dimensions. Dorsal-based devices usually require mounting structures on the back of the hand.
Due to potential hand occlusion, the dorsal-based approaches are not compatible for AR applications.

Palm basedlevices apply force at palm of the hand. PIVOT [77] is a wrist-worn device, which applies
the push and pull force to the palm to induce wrist exion and extension. By actuating the wrist, this device
was able to accurately render weight sensation. PIVOT is able to provide upNoo8 force while only
weighing 188, and it was able to achieve up to 91% accurate force perception when discriminating weights
with the palm [77]. PIVOT also implemented a handle that can be folded in and out of the palm as needed.
However, while the palm area is suitable for hand tracking, it can potentially impede the interaction with real
objects. AR designers need to minimize the size of the end effector in the palm for AR applications.

Digit-basedhaptic devices apply the force directly to the ngers while also being grounded at the ngers.
The Wolverine, developed by [32], uses brake-based locking sliders to provide touch sensation when the user
grasps an object. Despite the lightweight and compact nature of the device, this system can provide over
100 N of force between ngers and thumb. While being able to provide a large range of force, this device

cannot render stiffness since it only has on and off states.
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Haptic research covers a vast array of studies, but in this survey, we focused solely on haptic force feed-
back within the context of AR and AR. Many approaches have been explored, and numerous haptic devices
have been developed to attempt to emulate the sensation of physical touch. While wearable devices are ideal
for VR and AR as they allow users to freely navigate their virtual environment, they also pose practical
challenges. These include (i) the need to account for both generated sensations and opposing forces in the
human body, (ii) the con icting design goals of applying actuation in different locations while keeping sen-
sory areas unobstructed, and (iii) the requirement for a wide range of forces with a compact, lightweight,
and comfortable interface. While current solutions may be suf cient for VR, they may not be as effective
for AR due to potential occlusion issues with hand tracking by head-mounted devices or obstruction when
interacting with real objects. There is a demand for solutions in AR that offer simplicity and effective force
rendering. These solutions must provide signi cant and effective haptic feedback to enhance the user expe-
rience. Achieving the balance between simplicity and effectiveness is crucial for unlocking the full potential
of haptic technology in an augmented reality environment.

The work in this dissertation seeks to address these gaps in literature by presenting a powered wrist
exoskeleton, Wriality. The subsequent Chapter 3 will discuss the design and characterization of the device, as
well as results from a grounded, table-top testing setup of the device. Following that, Chapter 4 will evaluate
the ability of the Wriality to provide weight sensation of virtual objects in a immersive and non-intrusive

manner.
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CHAPTER 3

Design and Validation of a Force Feedback Wrist Exoskeleton Compatible with Augmented Reality

(Wriality)

3.1 Chapter Summary

Augmented reality (AR) can supplement the real-world by integrating computer-generated audiovisual out-
puts with reality. AR has found initial commercial success in entertainment, but has recently found use in
professional training and education applications. However, the lack of physical sensory interactions with the
virtual objects can detract from the immersiveness and effectiveness of AR, both in entertainment and as a
training tool. One common way to introduce the missing sensory information is to incorporate haptic feed-
back. Haptic devices have been integrated into a wide array of applications to reintroduce tactile sensations,
including rehabilitation devices, teleoperated robotics, and virtual reality (VR), but are notably lacking in AR
applications. One reason for this may be the unique design constraints posed by AR, which requires seamless
interaction between both virtual and real objects while maintaining line-of-sight for hand-tracking with head
mounted devices (HMDs). In this study, we present the design, development, and characterization of a 2-
degree-of-freedom wrist exoskeleton with minimal haptic interface for integration into AR. Our lightweight
Bowden-cable actuated wrist exoskeleton demonstrates the capability to apply precise forces, up to 10 N on
the hand within 50 ms, while imposing minimum resistance during transparency mode. Furthermore, we
conducted human subject testing and measured a just-noticeable-difference (JND) value of around 14% for
force perception, which falls within the normal range of human force perception. This wrist exoskeleton

shows promise for expanding the haptic capabilities and immersion of augmented reality systems.

3.2 Introduction

Virtual reality (VR) and augmented reality (AR) have seen major advancements in the past decade as hard-
ware and software have improved. VR aims to immerse the user into a completely virtual or simulated
world while AR overlays virtual objects or information onto the existing world. Both employ a sophisti-
cated array of integrated audiovisual equipment and sensors to achieve immersive experiences. Recently,
this increased immersion has revealed the utility of AR particularly for workplace training for surgeons [78],
industrial workers [79], and education purposes [80]. High quality visual and audio cues provide guidance
and feedback in real time while the users interact with both real and virtual components; however, the lack of
physical sensation, particularly the sensation of touch, is a common de ciency that haptic researchers have

been aiming to restore.
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Many haptic devices have been designed for rehabilitation [81, 82, 74], teleoperation [80, 29], and virtual
reality applications [83]. While each application has its distinct design requirements and challenges, a shared
aim is to ensure reliable and precise force feedback. Grounded devices, or devices that are anchored to
a stable structure, are typically favored for their reliability and accuracy in delivering force feedback [84,
85]. However, as the demand for portability and wearability grows across applications, there is a rising
interest in devices that allow users to freely navigate VR/AR environments. Balancing reliability, accuracy,
and portability is a crucial consideration for AR and VR deices; the realism and immersiveness of AR are
heavily impacted by the ability to freely explore the work space [83]. However, unlike grounded devices,
wearable ones must use the human body as a “ground” to support reaction forces. Due to the inherent design
complexities, the development of wearable devices or exoskeletons has been a challenge.

Wearable haptic systems have been integrated into both VR and AR to either recreate or remap the sen-
sation of touch. Human hands perceive force through two major sensory systems: cutaneous and kinesthetic
systems. With mechanoreceptors in the nger tips and palm, cutaneous sensation provides temperature, tex-
ture, stiffness, and weight of an object [19, 20, 18, 21, 22]; while kinesthetic sensors provide the information
on the force-feedback through muscles, tendons, and joints [15]. Together, they form a system that shapes
how humans perceive the interaction with objects. Haptic feedback can stimulate either sensory system to
recreate the sensation of touch: cutaneous sensations have been emulated using small vibrotactile motors
that mechanically stretch the skin while kinesthetic sensations have been created by applying external forces
using motors [48] or arti cial muscles [86].

Cutaneous haptics have been shown to be more accurate for smaller forces while the kinesthetic approach
is more accurate for larger forces [15]. Both types of haptic feedback have been used in VR applications,
where the haptic mechanisms are placed on the ngertips or in the hands [30, 19, 29, 28, 27, 26]. However,
using such devices in AR environments has been a challenge since existing mechanisms take up the hands
and impede the interaction with real objects or occlude hand tracking [16], motivating the need for a design
of a device that speci cally addresses the design constraints of AR applications.

Applying force to the hand or applying a force at wrist in a compact manner has been accomplished with
powered wrist exoskeletons; devices that use compact actuators to reduce muscle strain on the wrist , or aid
in rehabilitation[87]. While these devices were not designed for use in AR, the design concepts of compact
minimal form factor while maximizing utility is applicable. One way exoskeleton designers achieve this is
by using remote actuation units [38]. The actuators are mounted to the hips or back, while a lightweight
transmission, such as a cable, is used to transfer the force to a distal limb, such as the hand. Therefore, design
cues from exoskeletons could be repurposed to produce kinesthetic force sensations in AR applications.

In this work, we introduce a wearable, Bowden-cable driven, 2 degree-of-freedom (DOF), adjustable wrist
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exoskeleton with minimal haptic feedback compatible with augmented reality, called Wriality. We present
the design of this wrist exoskeleton in Section 3.3, and device characterization on operating with two modes
(transparent and force-feedback modes), in Section 3.4. We also characterized the just-noticeable-difference

value for force perception with this device, in Section 3.5.

3.3 Device Design
This section focuses on the mechanical design of Wriality. First, we discuss the design goals and conceptual
design; then, we introduce the detailed design; nally, we present the system architecture and control used in

this exoskeleton.

3.3.1 Design goals
The key design goals for the AR-compatible wrist exoskeleton are focused on improving realism and immer-
sion in AR and maximizing user comfort. These goals resulted in the following design requirements:

Mechanical requirements:

» Wearability To ensure users can freely explore the workspace for a realistic and immersive experience

[81], the device must be lightweight, compact, and portable during free motion.

 Adjustability Considering variations in wrist and hand sizes among individuals, the device should

include adjustable dimensions to accommodate a broad range of hand and wrist sizes or shapes.

» Backdrivibility.: The device should impose minimal impedance on the hand or wrist while the user

interacts with real objects.

< Minimal backlash System backlash introduced by mechanical components such as gears and cables
should be minimized as it may lead to inaccuracies in force representation and the presence of dead

zones in motions and forces.
Control requirements:

« Accurate and fast force trackingRecognizing that time delays and inaccuracies between virtual force
and interaction with virtual objects can impact realism and immersiveness, the device should have fast

response time and accurate force tracking (as de ned by the perception limit of humans).
Compatibility with head-mounted devices:

< Minimal obstruction of hand region for eye/hand tracking of HMI3esigned for use with HMDs
featuring eye/hand tracking, the device should avoid obstructing the hand region to enable effective

eye tracking.
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Figure 3.1: The schematic diagram of the conceptual design.

» Minimal obstruction of physical interaction augmented reality, the user interacts with both real and
virtual objects. To ensure physical interaction, the device should have minimal coverage of ngers and

palm.

Although the human wrist only has two degrees of freedom, the wrist joint is an anatomically complex
joint as the center of rotation moves during motion [88, 89]. Here, we chose to focus on the exion and
extension for the purpose of grasping and manipulating objects. To facilitate functional dexterity and align
with the natural movements of the wrist, we introduced a passive joint for adduction and abduction. This
addition serves to counterbalance the shifting center of rotation during various tasks. Thus, the Wriality
(Fig. 3.2) has two degree-of-freedom: wrist extension/ exion (actuated) and adduction/abduction (passive),
To minimize user fatigue, we opted for a two-unit design for this exoskeleton: the actuated wrist brace unit
(Fig. 3.2a and b) and the remote actuation unit (Fig. 3.2c). The remote actuation unit is positioned on a
cushioned hip belt, reducing strain and weight on the wrist. In the following sections, we introduce the two

units in details.

3.3.2 Conceptual Design

Figure 3.1 shows the conceptual design of the wrist exoskeleton. The actuated wrist brace is grounded on
the forearm of the user, while the remote actuation unit is grounded on the hip of the user with a belt. The
Bowden cables (green) are routed from the hand to the forearm and terminated at the pulley mounted on the
motor, while the Bowden cable sheath is clamped near the pulley and forearm. When the motor is actuated,
the pulley rotates, which results in the Bowden cable translating within the Bowden sheath. The load cells
(green) measure the force in the cable near the end effector (hand), and they are placed in series with the

Bowden cable.

3.3.3 Actuated wrist brace
Figure 3.2a and b show the actuated wrist brace design. The 3D printed brace consists of a passive joint,

allowing the user to freely move their hand in abduction and adduction direction, and an actuated joint,
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Figure 3.2: The design of the wrist exoskeleton (Wriality). (a) The actuated wrist brace with active wrist
exion/extension and passive wrist abduction/adduction. (b) The actuated wrist brace has a force-feedback
and position-feedback system (Bowden cable, load cell, and absolute encoders) and mechanical adjustability.
(c) The remote actuation unit mounted on the hip belt.
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applying torque in extension and exion directions with Bowden cable (cable: stainless steel braided and
lubricated wire rope with diameter of TBcnm McMaster-Carr 346B25). Bowden cables were chosen for

this design due to their simplicity and lightweight characteristics [90, 91, 92], especially when compared to

a pulley system, a hydraulic or pneumatic system, push-pull rods, and linkages [93, 94, 16]. For example,
in a pulley system, changing the transmission direction necessitates the use of pulleys as anchors, adding
complexity and weight to the design. The Bowden cable system, in contrast, enables the actuation unit to be
located at a distance from the actuated location without additional design complexity and weight penalties.
Despite the inherent non-linearity introduced by Bowden cables, attributed to bending-angle dependent fric-
tion with a force transmission ef ciency of approximately 70 % [90], the impact of friction can be minimized

by reducing the bending angle and implementing a force-feedback controller to ensure desired force at end

effector.

Figure 3.3: (a) Diagram of the actuated wrist, (b) remote actuation unit.

The brace is fastened to the forearm of the user using Velcro straps for quick tightening and releasing.
The palm interface is designed to minimize interference with the Microsoft HoloLens2 while applying evenly
distributed force to the back of the hand or palm. To ensure compatibility with various hand and wrist sizes,
we have integrated an adjustable clamp mechanism, allowing the width of the wrist clamp to be adjusted,
shown in Fig. 3.2b. The forearm brace serves as a stabilizing anchor, counterbalancing the forces exerted by
the Bowden cable.

The Bowden cable sheath is a reinforced tube formed by two concentrically positioned polytetra uo-
roethylene (PTFE) coated tubes: one with 1mm inner diameter and 2mm outer diameter, and the other one
with with 2mm inner diameter and 4mm outer diameter. The Bowden cable sheath not only acts as a guide to
redirect and bend the cable, but also provides counterbalancing force from the ground (human body) while the
wrist is actuated. The Bowden cable (Fig. 3.3 blue) is routed from the termination point near the adjustable

clamp on top of the hand; then it is connected to the inline load cell; and it ends at the remote actuation unit.
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