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Selfrionette: A Fingertip Force-Input Controller for Continuous
Full-Body Avatar Manipulation and Diverse Haptic Interactions
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Bunkyo, Tokyo, Japan
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Yutaro Hirao"
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Figure 1: (a) Concept of Selfrionette revolves around enabling users to control the entire avatar’s body through the force input
of their fingers. (b) Selfrionette Hardware: Comprised of multiple loadcells, Selfrionette offers a total of five degrees of freedom
in force: three degree of freedom for the index finger and one degrees of freedom each for the thumb and middle finger. (c-1)
Demonstration Scene 1: Users can move a virtual hand and grasp objects. The force required to move the arm varies depending
on the weight of the object being grasped. (c-2) Demonstration Scene 2: Users can freely navigate through the virtual space.
The force input required for walking also varies depending on changes in environmental characteristics, such as walking

underwater.

ABSTRACT

We propose Selfrionette, a controller that uses fingertip force input
to drive avatar movements in virtual reality (VR). This system en-
ables users to interact with virtual objects and walk in VR using
only fingertip force, overcoming physical and spatial constraints.
Additionally, by fixing users’ fingers, it provides users with coun-
terforces equivalent to the applied force, allowing for diverse and
wide dynamic range haptic feedback by adjusting the relationship
between force input and virtual movement. To evaluate the ef-
fectiveness of the proposed method, this paper focuses on hand
interaction as a first step. In User Study 1, we measured usability
and embodiment during reaching tasks under Selfrionette, body
tracking, and finger tracking conditions. In User Study 2, we in-
vestigated whether users could perceive haptic properties such as
weight, friction, and compliance under the same conditions as User
Study 1. Selfrionette was found to be comparable to body tracking in
realism of haptic interaction, enabling embodied avatar experiences
even in limited spatial conditions.
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1 INTRODUCTION

Can people liberate themselves from their physical and spatial con-
straints? Virtual reality (VR) technology has emerged as a means
of interfacing with various entities through virtual bodies with-
out the need for a physical presence. A virtual body, an avatar,
functions as an altered body capable of interacting with the virtual
world independently of the physical body. Information obtained by
moving an avatar is analogous to information gained from moving
one’s own body. The ideal state when using an avatar is achieved
when predictions align through a continuous loop of perception and
action [13]. In this state, the avatar becomes embodied, naturally
and unconsciously performing actions based on the information it
receives, as if it were an extension of the user’s own body.
Typical avatar movement relies on motion tracking, which mir-
rors real-world movements in VR. While this method is intuitive,
it may not be fully effective for users with spatial limitations or
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physical disabilities. Moreover, using motion-tracking methods
makes it difficult to present haptic information when interacting
with virtual objects. The lack of haptic information reduces the
sense of embodiment with the avatar. Although various haptic de-
vices have been proposed, they often require large equipment to
replicate real-world physical phenomena. In a 1965 article, “The
Ultimate Display,” Ivan Sutherland suggested that “there is no rea-
son why the objects displayed by a computer have to follow the
ordinary rules of physical reality. [58]” To address these issues, we
move beyond direct movement mappings and explore more flexible
interactions.

Analyzing existing avatar control methods, we identify two es-
sential components for enabling whole-body movements: (1) the
type of user movement input, which can be either motion-based
or force-based, and (2) the mapping of this input to the avatar’s
movements, which can be either direct or indirect mapping. Here,
force-based input methods are known for conveying congruent hap-
tic interactions essential for achieving embodiment [22]. Moreover,
indirect mapping cannot be constrained by spatial and physical
limitations. Prior work includes FingerMapper [63], which uses the
user’s finger movements to move the avatar’s hands. This method
is less spatially constrained by indirect mapping, but it is not easy to
represent haptic interactions because it is motion-based. Imanaga
et al. proposed a method that fixes the user’s whole body and moves
the avatar’s whole body based on the force that tries to move the
whole body [24]. This method is force-based and potentially excels
in haptic expression (though this has yet to be verified in their
paper), but as a direct-mapping method, it requires large equipment
and full-body constraints to represent whole-body movements.

Our study addresses haptic interaction issues through a force-
based approach, enabling avatar manipulation under environmental
and physical constraints through indirect mapping. Therefore, we
propose a system that converts force input from the fingers into full-
body movements of an avatar, naming it the "Selfrionette,” which
manipulates self entire body like a marionette controlled by the
fingers. To evaluate the effectiveness of the proposed method in
experiments, this paper focuses on hand interaction as a first step,
although we implemented walking interactions on trial to discuss
the proposed method’s potential and possible future directions.

The contributions of this paper can be summarized as follows:

(1) Development of a system for converting force from finger
input into avatar movements and mapping.

(2) Investigation into how different body manipulation methods
affect motor skill and sense of embodiment especially in
hand interaction.

(3) Investigating the quality of haptic interactions and sense of
embodiment in different body manipulation methods during
hand interaction.

2 RELATED WORK

2.1 Avatar manipulation without morphological
correspondence

2.1.1  Motion-based manipulation. The first option for the input

system would be motion-based manipulation to manipulate a virtual

body in VR or digital puppetry. Of motion-based techniques, the
most conventional approach is full-body motion tracking, where the
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user’s full-body movements in the real world are mapped to those of
the avatar in VR. Several papers endeavor to convert these full-body
motion inputs even into virtual movements without morphological
correspondences by extracting features from the motion data (e.g.,
[8, 11, 28, 38, 51, 71]). The method utilizing full-body movements
is intuitive for users and has a high degree of freedom of input.
However, it requires adequate space to move and has difficulties
for users with physical disabilities.

Another trend in manipulating virtual avatars with motion-based
techniques is using hand gestures with indirect mappings. Some
studies construct a continuous mapping of joints between hands
and avatars (e.g., [9, 25, 29, 30, 41, 64]). Other papers create a map-
ping rule referring to a marionette system (e.g., [37, 47]). Moreover,
gestures to activate specific actions allow users to make complex
motions (e.g., [12, 39, 56, 69]). These approaches wisely utilize the
dexterity of human hands and enable relatively complex virtual
actions with intuitive inputs. However, most studies focus on avatar
posture control and do not investigate haptic interaction with vir-
tual objects well. Ujitoko and Hirota proposed a method of present-
ing tactile feedback on a virtual floor while walking in VR with
finger motions [68]. Furthermore, Xiang et al. propose a method
of presenting geometric properties of virtual ground and contact
sensation with virtual objects while virtual foot interactions with
finger motions [70]. However, to the best of our knowledge, no
papers endeavor to realize more various haptic interactions, such
as weight, compliance, and friction, with such a morphologically
inconsistent avatar manipulation system.

Another method is to use a physical prop. It can be a motion
controller (e.g., [10, 32, 46]) or a physical puppet that has multi-
ple joints (e.g., [14, 44, 53]). These approaches are also intuitive,
especially regarding posture control, because the physical prop
corresponds to the digital puppet. However, they are instead a tool
than an embodied virtual self, and these methods do not achieve
haptic interactions with virtual objects.

2.1.2  Force-based manipulation. Some papers endeavor to con-
vert force-input into virtual motions. "Tsumori" control proposed
by Niwa et al. involves operating an avatar (robot) by associating
the user’s force input patterns with pre-segmented action units
[43]. This technique relaxes the requirement for spatiotemporal
congruence between input and output to the level of discrete spa-
tiotemporal resolutions, termed behavioral segments. The system
allows for inferring user control intentions from low-degree-of-
freedom inputs and enables high-degree-of-freedom operations.
However, the degree of freedom in avatar movements is possible
through "Tsumori" control, and the learning cost required for the
necessary associations is in a trade-off relationship. Additionally,
compared to continuous input-output mapping, "Tsumori" control
has inherent limitations to the operational degrees of freedom while
interacting with virtual objects. Moreover, there are challenges in
applying the visual-based haptics technique, which dynamically
alters the correspondence between force input and motion.
Imanaga et al. proposed Motion-lesss VR where the user’s body
is fixed to a device equipped with force sensors [24]. By attempting
physical movements in this state, the motion intent is calculated
inversely from the torque obtained from each force sensor and
reflected as the movement of a virtual body. However, their method
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requires restraining the entire physical body to control the entire
virtual body, which may pose challenges to usability in terms of
fatigue and comfort. Moreover, when full-body restraint is em-
ployed, the user cannot move, presenting potential safety issues in
emergencies or malfunctions. Additionally, the mechanism must
be capable of automatic attachment and detachment. To sense the
user’s motion intent as torque, force sensors must be calibrated and
positioned considering individual anatomical differences, compli-
cating and increasing the cost of the system.

2.2 Embodiment in Virtual Avatar

Sense of embodiment (SoE)-the recognition that "this is my body"-
plays an essential role in sense of immersion/presence, i.e., sense of
being there, in VR [57]. Although the mechanism underlying SoE
has yet to be fully elucidated, many papers endeavor to investigate
its key components. SoE in the context of VR research consists
of three factors: the sense of agency (SoA), sense of body owner-
ship (SoBO), and sense of self-location (SoSL) [27]. SoA refers to a
feeling of causing actions or their consequences [16], which arises
from sensory attenuation caused by the contrast between predicted
bodily movement outcomes (efference copy) and actual sensory
input [1]; SoBO refers to "the sense that one’s own body is the
source of sensations" [62], which results from Bayesian multisen-
sory integration of sensory predictions and sensory inputs related
to the self-body [27]; and SoSL "refers to one’s spatial experience
of being inside a body" [27]. To enhance SoA in VR, it is essential
to map user’s motion (input) to the virtual body’s motion (output)
in real-time or near real-time mapping; to enhance SoBO in VR
(by bottom-up influences), it is essential to increase the sensory
correlations between physical and virtual body such as visuo-tactile
and visuo-proprioceptive correlations, for example; and to enhance
SoSL, it is fundamental to have first-person perspective [27]. We
designed Selfrionette to meet the essential requirements of these
SoE. Detailed descriptions are provided in Section 3.1.

2.3 Visual based haptics

The paper utilizes a visual-based haptics approach to achieve hap-
tic interaction in morphologically inconsistent manipulation sys-
tems. Conventional studies of visual-based haptics are classified
under "Pseudo-haptics techniques,” which modify haptic percep-
tion by appropriately adjusting visual feedback in response to user
inputs [50, 65]. Since the first paper on pseudo-haptics in 2000
[36], the pseudo-haptics techniques have been studied for various
haptic perceptions such as texture (e.g., [35, 42, 67]), compliance
(e.g. [3, 31, 36, 49, 61]), and weight (e.g. [52, 54, 60]). In this man-
ner, pseudo-haptics techniques have the advantage of expressing
various haptic perceptions primarily through visual feedback with-
out the need for complex devices. However, when used with the
currently mainstream motion-input systems in VR, a discrepancy
arises between the user’s actual and visual movements in VR. This
discrepancy is problematic as it can lead to discomfort in interac-
tions and a reduction in the sense of immersion [23, 50, 52]. To
address this issue, recent research has indicated that force-input
systems are more effective than motion-input systems in terms of
the efficacy of pseudo-haptics techniques. Indeed, psychophysical
experiments suggest that the pseudo-haptics techniques can alter
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weight perception only by 3-5% with motion-input system [54, 60],
but can modify compliance perception by 20-35% with force-input
(or isometric) systems [34, 61]. Moreover, in recent investigations
comparing pseudo-weight through motion-input versus force-input
system, it has been demonstrated that the force-input system ex-
hibits superior pseudo-haptics expressiveness [22]. Building on the
aforementioned findings, this study determined to integrate the
element of force-input into an avatar manipulation system.

3 SELFRIONETTE
3.1 Rationale behind Selfrionette

This section discusses the rationale behind Selfrionette as a method
for embodied virtual body manipulation that can overcome physical
and spatial constraints and enhance virtual haptics presentation.
Selfrionette is effective against these constraints by controlling a
full-body virtual avatar with only fingers. The critical inquiry is
whether such a system, with morphologically distinct input-output
correspondences, can update the body schema and elicit a sense
of embodiment. Research in the field of psychology regarding the
sense of embodiment in avatars and objects has demonstrated that
the correlation between different sensory modalities is crucial for
the sense of body ownership. Specifically, visual information must
match tactile and proprioceptive information for perception to
occur accurately [27]. Additionally, in the domain of prosthetics
research, it has been suggested that even if the locations of visual
and tactile stimuli differ, users can perceive the stimuli as consistent
information as long as the expected and actual tactile stimuli types
match (modality match) [59]. This modality-matched feedback is
known to reduce the cognitive effort required for users to adapt
to prosthetic operation compared to other sensory substitution
methods [2], thereby enhancing the sense of embodiment [40]. In
this regard, Selfrionette employs force input, where the user-exerted
force on a sensor triggers an equivalent reactive force, altering skin
deformation and proprioceptive information. The reactive force and
the corresponding feedback vary as the input force varies. Thus,
Selfrionette potentially offers a wide dynamic range of modality-
matched feedback during VR interactions.

Furthermore, manipulating virtual bodies through force input
allows for haptic interactions by varying the required input force
according to the parameters of the virtual objects and environments.
Indeed, Hirao et al. demonstrated that weight perception during
force input manipulation could be presented with a wider percep-
tual intensity range than conventional pseudo-haptic technique
using motion tracking [22]. This suggests that the visual informa-
tion of the virtual hand and the haptic information from the user’s
fingers were perceived as originating from the same source (sensory
correlation was established), leading to integrated and enhanced
haptic perception.

Based on these considerations, Selfrionette holds the potential to
enable embodied virtual body manipulation that overcomes physi-
cal and spatial constraints and extends the capabilities of virtual
haptics presentation.

3.2 Hardware

Figure 2 shows the appearance and components of the device, as
well as the system diagram. The hardware for one hand consists
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loadcell I [oadcell connector
[N finger holder NI circuit frame

Figure 2: Left) Components. Right) System configuration of
Selfrionette.

4

Figure 3: Correspondence between force inputs and avatar
movements.

of five single-beam load cells and a spherical casing, which allows
users to place their hands in a natural posture. Each load cell mea-
sures 12.5 X 12.5 X 55mm and can convert a force input of up to
20kg into an analog signal. The analog signals from the load cells
are converted into digital signals by an HX711 chip at 80 Hz and
read by a microcontroller (Pro Micro).

The five load cells are allocated, with one for the thumb, one for
the middle finger, and three for the index finger in an orthogonal
arrangement. This arrangement allows for the acquisition of input
forces in one degree of freedom for the pressing direction of the
thumb and middle finger and three degrees of freedom for the index
finger in the up, down, forward, backward, left, and right directions.
Reusable cable ties are also used to secure the user’s fingers to the
finger holder. Inserting low-resilience urethane foam between the
fingers and the cable ties allows for comfortable and secure finger
fixation. By connecting two devices, ten degrees of freedom input
can be acquired for both hands.

3.3 Mapping from force to avatar motion

Next, the conversion from force input to motion of a virtual avatar is
explained. Figure 3 shows the correspondence between force inputs
from the device and avatar movements. The avatar’s posture is
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updated using inverse kinematics (IK) with FinalIK!, setting target
points for the head, hands, and feet.

The target point for the head is configured to follow the position
of the Head-Mounted Display (HMD). The mapping between fin-
gers and virtual movements was based on the following principles.
Hand Motion: To move the hand in three-dimensional space, at
least three degrees of freedom are required. Each fingertip pos-
sesses at least three degrees of freedom, making them suitable for
controlling the hands of an avatar. Specifically, the index finger,
used for general pointing, is optimal for the avatar’s hand to point
at targets or reach destinations. We mapped the three degrees of
freedom of the index finger to the hand’s movement.

Foot Motion: Walking requires at least two degrees of freedom.
Humans can move their arms and legs independently, so we as-
signed both thumbs, which can operate independently of the index
fingers, to control the legs’ movement.

Grasping: The middle finger was chosen to control the hand’s
grasping movement because it is the easiest to control among the
remaining fingers. For moving the legs and hands, the force applied
to each load cell is converted into a force acting on the correspond-
ing target point (whose mass m,, is virtually 1kg) in VR space. The
position of target point is then updated, and the updated target
point is followed by the hands or feet.

The relationship between the force applied to the load cell F;
and the force applied to the target in the VR space F, can be freely
designed. In this study, stable motion was achieved by defining the
behavior as shown in Equation 1. Specifically, the force applied to
the load cell is proportional to the force applied to the target by the
proportionality constant «, and the behavior of the motion of each
target ¥ is described by a spring-damper model.

Equation for Avatar Motion Generation

Fv = OtFI
myX + cx + k(x —x9) = Fy

convert fingertip force to virtual force
move the avatar’s target position
1

In this study, the spring constant k and damping coefficient
¢ were both set to 10 N/m, 10 Ns/m respectively. The origin of
the spring-damper system xjp is positioned 0.375m in front of each
shoulder for the hands and at the central position of each foot when
spread shoulder-width apart (the avatar’s initial stance) for the feet.
The force acting on the target point for the feet is presented along an
axis angled 45 degrees upward and forward from the spring-damper
system’s origin.

Walking in VR is enabled through thumbs alternating inputs
to achieve virtual on-the-spot stepping with the SHeF-WIP (Step-
ping Height Frequency-Walking In Place) method [21], which takes
into account both the stepping frequency and height to simulate
natural walking. Directional changes and backward movements
are achieved by adjusting the stepping height between the left and
right feet.

The degree of hand grip is controlled by the middle finger, with
a continuous range from 0 (hand open) to 1 (hand clenched). When
a virtual object is near the hand, the system detects if the hand
clenches beyond a certain threshold, enabling the object to be

!http://root-motion.com/
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grasped. The AutoHand? tool is used to automatically calculate
the gripping shape of the hand according to the shape of the virtual
object, ensuring a natural grasping hand shape.

Consequently, this version of the Selfrionette allows for the
control of 3DoF positions of the hands, the vertical position of
the feet, and interactions such as grasping/releasing objects and
walking.

4 HAPTIC INTERACTION VIA SELFRIONETTE
SYSTEM

This chapter discusses the methods for delivering haptic feedback
using the Selfrionette system and categorizes the haptic properties
that can be simulated. To categorize haptic properties, We draw
upon studies in motion-based pseudo-haptics [33, 66], redirection
[4], impedance control in haptic rendering [18-20], as well as cate-
gorization frameworks proposed by Jones and Lederman [26] and
Okamoto et al. [45] to organize these properties. The classification
of haptic properties revolves around two main aspects: material
and geometric properties. Material properties encompass texture,
compliance, and weight. Texture is further broken down into five
main components: fine roughness, macro roughness, friction, hard-
ness, and warmth. Geometric properties, on the other hand, include
curvature, orientation, and size. Selfrionette operates by translating
fingertip force input into motion within the virtual space. While
force input primarily correlates with proprioception, tactile proper-
ties such as fine roughness and warmth, mainly perceived through
fingertip receptors, cannot be stimulated in this study. Figure 4 illus-
trates the classification of haptic interactions that can be expressed
with the Selfrionette system. Multiple examples are provided for
each property, along with associated vocabulary. A detailed break-
down of each property and its implementation approach follows.

4.1 Geometric Properties

Geometric properties are directly tied to the positional information
of the body. By leveraging reaction forces occurring upon con-
tact between the body and objects, Selfrionette can constrain the
avatar’s position to reflect the geometric properties of the object’s
surface. Specifically, at the contact point, the force f applied by the
body to the object is decomposed into the normal direction force f,
and the parallel direction force fp,. The parallel direction force f, is
used to update the contact point, while the normal direction force
fn is ignored. As we discuss in the material properties section, this
normal force f; is used to represent compliance of the object. This
enables the representation of various geometric attributes, such as
environmental surface constraints or shape constraints of objects.

For example, it can represent the plane constraint of hands in the
environment (4b) or the constraint by exact shape when grasping
an object with the fingers (4c). It is also possible to change the
geometric properties of the body itself (4a) since there are no spatial
constraints on positional control by force input.

4.2 Material Properties
Material properties are linked to positional, velocity, and accelera-
tion information. Selfrionette can simulate weight, viscosity, and

Zhttps://assetstore.unity.com/packages/tools/game-toolkits/auto-hand-vr-
interaction-165323
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compliance. These properties correspond to the body’s accelera-
tion, velocity, and displacement during interaction. Diverse haptic
interactions are realized by adding force f;;, to the body motion
equation shown in Eq (1)

MmpX + cx + k(x —xg) = Fy + fm (2)
—_—
equation (1) for avatar motion material rendering force

4.2.1 Weight. The mass component in impedance control can rep-
resent weight. (1b) To perceive the weight of an object, unsupported
grasping is necessary, requiring acceleration and gravity-based
feedback corresponding to the object’s weight when grasped. For
implementation, with the object’s position denoted as x, gravity
vector as g, object mass as m, it can be expressed as:

fm =-—mx —mg ®3)
Moreover, it is possible to alter the sense of one’s body weight, not
just objects placed in the environment (1a). Regardless of object
grasping, the force required to move the arm itself can be adjusted
according to Eq 3. Furthermore, it would be possible to change the
magnitude of the gravity of the environment felt by the whole body.
In this case, the gravity component of the physical phenomenon g
is changed (1c).

4.2.2  Viscosity / Friction. Viscosity describes the properties of a
medium, not of an object or body. Depending on the properties of
the fluid, it produces a resistance force proportional to its velocity.
With viscous constant as c, viscous force can be expressed as:

fn = —cx (4)
This allows us to describe the perception of swimming in water
(2b) or walking through mud (2a).

Friction between object surfaces can also be represented. Friction
can be static, in which there is no motion between two surfaces, or
dynamic when motion occurs between two surfaces. These are ex-
pressed using the vertical drag force f;, the static friction coefficient
1, and the dynamic friction coefficient .

N if | fp| < plfnl (dynamic friction)
- 1| fuldir(fp) if |fp| > plful(static friction)
This additional friction could represent the sensation of tracing

rough surfaces like rubber (2c) or moving over rough or smooth
surfaces like ice fields (2a).

Jm ©)

4.2.3 Compliance. Compliance refers to an object’s elastic behav-
ior and is simulated using the spring component in impedance con-
trol. When a part of the body contacts an object’s surface, the system
generates a virtual reaction force proportional to the displacement
from the point of contact x,, and simultaneously elastically deforms
the object.

fm = —k(x = xc) (6)
This allows the user to represent the softness felt when touching
(3b) or grasping (3c) an object or the elasticity felt with the feet, as
in the case of a trampoline (3a).

This classification elucidates the spectrum of haptic interactions
achievable with Selfrionette. In user study 2, we will delve into user
perception of these haptic interactions’ realism and their ability to
discern material differences.
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property possible
vocabulary
weight heavy / light
material friction slippery / sticky
viscosity viscous
compliance elastic / rigid
soft / hard
big / small
t shape long / short
geometry constrain wide / narrow
thick / thin

sharp / obtuse
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example

b

Figure 4: Haptic Interaction Space archived by Selfrionette system.

5 USER STUDY 1

We conducted a user study to investigate the extent to which Self-
rionette enables bodily movements in VR. The purpose of the exper-
iment is to compare the effectiveness of Selfrionette in achieving
virtual motions with other conceivable methods.

5.1 Experiment Conditions

As a comparative method, we exclude the whole-body force-based
method among the four combinations of tracking and input meth-
ods introduced in Related Work, and compare three other methods.
It should be noted that the whole-body force-based method was
not chosen as it compromises the space-saving advantage of this
study due to its bulky apparatus. Hereafter, we refer to the motion-
based method using the entire body as the Body condition, the
motion-based method using fingers as the Finger condition, and
the force-based method using fingers as the Selfrionette condition.

5.2 Participants

A total of 18 individuals participated, consisting of 9 males and 9
females, with an average age of 25.83 + 7.13 years old. All partic-
ipants were recruited through social media, unaware of the true
purpose of the experiment. All participants self-reported as right-
handed. They signed an approved statement of consent and were
compensated with an Amazon gift card worth approximately $10.

5.3 Materials

5.3.1 Apparatus. The experimental setup included a Windows-
based computer, an HMD (Meta Quest 3), and the Selfrionette device.
The experimental program was developed using Unity 3D.

5.3.2  Implementation of finger condition. For the finger condition,
we implemented a system similar to FingerMapper [64], which
translates the coordinates of the tip of the index finger into refer-
ence coordinates for the inverse kinematics (IK) of a virtual hand.
The operational range of the virtual hand was confined to a hemi-
sphere, centered at a point 0.15 m in front of the avatar’s shoulder
and with its apex 0.6 m forward from the shoulder. Here, it is known
that the human index finger’s range of motion includes 148 degrees
for Flexion/Extension and 50 degrees for Abduction/Adduction [48].
Thus, in our implementation, we achieved a coordinate transfor-
mation that accounts for both the index finger’s range of motion
and the operational range of the virtual hand across each axis in
three-dimensional space.

5.4 Reaching Task

Participants engaged in a task where they reached for sequentially
appearing targets in the virtual space to assess the accuracy and
speed of their bodily movements. Specifically, they were instructed
to touch target spheres that appeared within the space using their
avatar’s arms. Figure 5 shows the procedure of reaching task. This
task began upon participants pressing a foot pedal situated at their
feet. Spheres, each with a diameter of 5 cm, would randomly emerge
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in front of participants in a specific area (centered 1.5 m from the
ground and 0.45 m in front of the avatar, with a width X height
X depth of 0.8 X 0.3 X 0.3 m). Participants moved their avatar’s
hand to approach these spheres, aiming to maintain contact for 0.5
seconds. Additionally, if participants did not complete the reaching
and contacting within 5 seconds, the task ended forcibly. Upon
completion of a reaching action, a new target sphere appeared at
a different location, initiating the next reaching task. These proce-
dures were repeated for 30 seconds. The number of successful tasks
and the time taken for each task were recorded.

5.5 Self localization task

This task was designed to gauge participants’ ability to develop
a sense of self-location. Following the completion of a 30-second
trial in the reaching task, participants adjusted their avatar to a
predetermined position. Subsequently, participants experienced a
condition where their avatars were not visible, prompting them
to reach for randomly appearing target sphere within the space.
Participants indicated their responses by pressing the foot pedal
when they believed their body had made contact with the sphere.
The distance error between the position of the invisible avatar’s
hand and the position of a displayed target sphere was recorded.

5.6 Questionnaire

A questionnaire was administered to evaluate participants’ subjec-
tive experiences regarding embodiment, system usability, and fa-
tigue. Embodiment was assessed using Gonzalez-Franco and Peck’s
VR-specific avatar embodiment questionnaire [15]. We omitted
items that were not applicable to our study context, such as the
question regarding haptic sensation. Consequently, the question-
naire consisted of ten items and three subsets of questions: body
ownership (Ownership), agency and motor control (Agency), and
body location (Location) (Table 1). Additionally, questions con-
cerning fatigue were included to assess subjective fatigue levels
associated with different manipulation methods. Each response was
scored on a seven-point Likert scale (-3 = strongly disagree; 3 =
strongly agree). System usability was evaluated using the ten-item
System Usability Scale [7]. Furthermore, participants were asked to
rank their subjective preferences for the three methods following
each condition, providing reasons for their choices.

5.7 Procedure

The experiment comprised three main components: the reaching
task, the self-localization task, and a questionnaire. Participants
engaged in these activities while wearing the HMD. The entire
procedure lasted approximately 45 minutes. The participants

1) read and signed an experimental consent form.

2) received instructions and an overview of the task.

3) repeated the reaching task (30 sec) and self-localization task
ten times.

4) completed the embodiment, fatigue, and SUS questionnaire.

5) repeat (3) and (4) in each condition.

6) completed the post questionnaire.

The order of experimental conditions was counterbalanced.
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Subscale Question

Ownership 1) Ifelt as if the virtual hand (sphere) was my hand.
2) It felt as if the virtual hand (sphere) I saw was
someone else’s.

3) It seemed as if I might have more than one hand.

Agency 4) Tt felt like I could control the virtual hand as if
it was my own hand.
5) The movements of the virtual hand were caused
by my movements.
6) I felt as if the movements of the virtual hand
were influencing my own movements.
7) I felt as if the virtual hand was moving by itself.
Location 8) I felt as if my hand was located where I saw the
virtual hand.
9) I felt out of my body.
10) I felt as if my (real) hand were drifting toward
the virtual hand or as if the virtual hand were
drifting toward my (real) hand.
Fatigue 11) This condition makes me exhausted.

Table 1: Questionnaire to Measure the Sense of Embodiment
Based on [15] and Fatigue.

5.8 Result

Figure 6 shows the progression of reaching time for each trial and
Figure 7 (left) shows the corresponding average success amount
of reaching in first 3 trials and last 3 trials. There is a clear trend
indicating a decrease in reaching time as trials advance. The conver-
gence of learning curves suggests similar learning duration between
the Finger and Selfrionette conditions. A two-way ANOVA (ma-
nipulation condition v.s. learning (first 3 and last 3)) was used to
analyze the results. When the normality assumption was violated
(Shapiro-Wilk test), Aligned Rank Transform (ART) was used for
the data. The results show a significant main effect in the manip-
ulation condition factor (F(2,102) = 111.5,p < .01) and learning
factor (F(1,102) = 12.9,p < .01). Then, post-hoc tests (Wilcoxon
signed rank test with Shaffer’s collection) showed significant differ-
ences between all pairs; body versus finger (p < .01,r = 1.1), body
versus Selfrionette (p < .01,r = 1.1), and finger versus Selfrionette
(p = .047,r = .33).

Figure 7 (right) shows the average self-location task error in first
3 trials and last 3 trials. A two-way ANOVA (manipulation condition
v.s. learning (first 3 and last 3)) was used to analyze the results and
when the sphericity assumption was violated (Mauchly’s sphericity
test), the degrees of freedom were adjusted using the Greenhouse-
Geisser correction. Then, a significant main effect was found in
the manipulation condition factor (F(1.54,26.14) = 89.34, p < .01).
Post-hoc test (paired t-test with Shaffer’s collection) showed that the
self-location error of body condition was significantly lower than
finger (p < .01,r = .97) and Selfrionette condition (p < .01,r = .94).

Figure 8 includes box plots illustrating the responses to each
questionnaire. An exact Wilcoxon signed-rank test with Shaffer’s
collection was applied to each of the five items: ownership, Agency,
Location, Fatigue, and SUS. The results show significant differences
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Figure 7: The average of task success amount (left) and self-
location error (right) in fist three trials and last three trials

in ownership (p < .01,r = .77), agency (p < .0L,r = .72), and
location (p < .01,r = 0.78) score between body and Selfrionette, as
well as ownership (p < .01,7 = .96), agency (p < .01,r =.95), and
location (p = .03, r = .56) between body and finger conditions. How-
ever, no significant differences were observed between Selfrionette

and finger conditions. Concerning fatigue, significant difference
was found between body versus finger conditions (p < .01,r = .83)
and finger versus Selfrionette conditions (p < .01,r = .52). More-
over, significant differences were observed for SUS scores across all
combinations;body vs Selfrionette (p < .01, r = .86), body vs finger
(p < .01,r = 1.0), and Selfrionette vs finger (p < .01,r = .77).

5.9 Discussion

The aim of this study was to investigate the extent to which Self-
rionette could replicate avatar movements.

From the results of reaching time across conditions, it was found
that Selfrionette and Finger could operate at approximately 47% and
42% of the speed of actual bodily movements, respectively. This also
leads to the results that Selfrionette achieves more success amount
than finger method. While the Finger method lacked means for
speed improvement due to one-to-one mapping between finger
and arm mobility space, Selfrionette has some potential for speed
enhancement through force-to-motion parameters adjustments in
equation (1).

Regarding embodiment questionnaire scores, the Body condition
scored the highest, with no significant difference observed between
Selfrionette and Finger conditions. Participants found it challenging
to achieve the same level of embodiment with Selfrionette or Finger
as with the Body condition after a short experience of approxi-
mately 5 minutes. To enhance embodiment through these methods,
longer exposure or multisensory experiences [6], including hapitc
interactions as categorized in section 4, may be necessary.

Additionally, we investigated whether self-location could be
acquired through reaching learning, but after 10 trials, both Self-
rionette and Finger were unable to achieve the same level of ac-
curacy as Body condition. This suggests that at the beginning of
the learning, visual feedback has a significant impact on avatar
control with Selfrionette and Finger, and that approximately five
minutes of learning did not lead to an update in the body schema. It
is believed that longer training is necessary to estimate self-location
based solely on proprioception information, as in the real world.
Furthermore, once the body schema is updated, there is potential
for improvements in reaching task performance and bodily sen-
sation. Therefore, validation of tasks for long-term learning and
acquisition of new body schema is necessary.

Concerning fatigue, it was anticipated that Selfrionette and Fin-
ger conditions would result in lower fatigue scores than the Body
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Figure 8: Result of Questionnaire

condition because of its small effort for moving their avatar. How-
ever, the Finger condition yielded higher fatigue scores, likely due
to the fingers being frequently placed in awkward positions during
three-dimensional movements. Additionally, some participants re-
ported feeling fatigued in the Selfrionette condition due to the tight
grip required by the fingers, as indicated in their free responses.
Furthermore, the limited number of learning iterations in this exper-
iment and the conservative settings of force input and movement
gain to achieve accurate reaching movements may have contributed
to finger fatigue. To operate avatars with minimal force, dynamic
gain learning may be necessary. This involves starting the learning
process with low gain to allow users to acclimate to the movements
and gradually increasing the gain over time.

System usability scores were highest for Body, followed by Self-
rionette, and then Finger. The intuitive direct mapping of bodily
movements in the Body condition likely contributed to this. For Sel-
frionette and Finger, mapping force exertion onto motion was more
user-friendly than expanding finger mobility for avatar actions,
especially given limited physical space for full-body control.

In summary, this user study suggests that for efficiently and
accurately executing simple movements like reaching tasks, the
one-to-one mapping of the Body condition is most suitable, followed
by the self-rionette and then Finger conditions. In the following user
study, we plan to go beyond simple motor tasks and investigate the
sense of embodiment towards avatars, mainly focusing on haptic
interactions, a possible advantage of the Selfrionette.

6 USER STUDY 2

In User Study 1, the Body method excelled in simple motor tasks.
However, our proposition of the Selfrionette system was based
on the belief that it could offer a higher-quality haptic experience
compared to other methods in haptic interaction. User Study 2
investigated which method provides a more realistic haptic experi-
ence and enhances the sense of embodiment with avatars across
three different haptic interaction methods.

6.1 Materials

6.1.1 Haptic properties. To achieve haptic interaction through
avatars, we focused on the properties of materials of virtual object.

——
Bl O

weight friction compliance
grabbing & lifting the object tracing the surface pressing the object

Figure 9: Interaction with objects of each haptic property.

From the classification of Material properties in section 4, we im-
plemented weight, friction, and compliance properties to virtual ob-
jects. Figure 9 illustrates the interaction with haptic objects through
avatars. The implementation of each Haptic property in Selfrionette
aligns with the method outlined in section 4. For rendering weight,
we applied equation (3) to (2). Users used middle finger to grasp
the virtual box. For rendering friction, we applied equation (5) to
(2). For rendering compliance, we applied equation (6) to (2). For
rendering haptic feedback in the Body and Finger methods, we
referenced prior works for each haptic property. Both methods use
pseudo-haptics technique, where the avatar’s movement changes
upon interaction. Weight is represented by displacement changes
when lifting an object, based on [33, 54]. Friction is depicted by
displacement changes when tracing an object surface, based on
[42]. Compliance involves applying gain to displacement based on
compression, expressed by the object’s deformation [5].

6.2 Participants

A total of 8 individuals participated, consisting of 6 males and 2
females, with an average age of 25.38 + 2.77 years old. All partic-
ipants were recruited through social media, unaware of the true
purpose of the experiment.

6.3 Haptic Properties Sorting Task

To expose users to various haptic properties, we conducted a dummy
task where they were asked to reorder the magnitude of haptic prop-
erties. For each of weight, friction, and compliance, five degree of
properties were provided. Users estimated the degree of properties
by interacting with them through avatars and performed a ranking
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task. A single object was displayed in a virtual space in front of the
user, allowing interaction. By pressing the left and right sides of
the foot pedal, users could switch the interactable object. While
interacting with different objects, they ranked them, and the final
ranking was recorded.

Here, five distinct parameters were established for each haptic
property by segmenting the range between a designated baseline
and an upper limit into four equal intervals. The baseline was deter-
mined by the absence of pseudo-haptics techniques, representing
the lower limit, while the upper limit was defined by the maximal
parameter where pseudo-haptics techniques could be adapted, or
the user interaction is just barely possible.

Weight Property:

e Lower Limit: No gain applied under body and finger condi-
tions (motion gain of 1); virtual object weight of 0 kg under
Selfrionette.

e Upper Limit: Unliftably heavy state under body and finger
conditions (motion gain of 0); virtual mass of 1.6 kg under
Selfrionette.

Stiffness Property:

e Lower Limit: No gain applied under the body and finger
conditions (motion gain of 1); spring coefficient of 0 under
Selfrionette.

e Upper Limit: Virtual object does not deform (motion gain
of 0 under the body and finger conditions; positive infinity
spring coefficient under Selfrionette). The second stiffest
object under Selfrionette has a spring coefficient of 300 N/m
with a damping coefficient of 10 Ns/m for stability.

Friction Property:

e Lower Limit: No gain applied under the body and finger
conditions (motion gain of 1); static and dynamic friction co-
efficients of 0 in Unity’s physic material® under Selfrionette.

e Upper Limit: Hand fails to follow surface tracing actions
under the body and finger conditions (motion gain of 0);
maximum static and dynamic friction coefficients of 1 in
Unity’s physic material under Selfrionette.

6.4 Questionnaire

A questionnaire was administered to evaluate participants’ subjec-
tive experiences regarding sense of embodiment, haptic experience
and mental workload. For sense of embodiment, we utilized the
same questionnaire as in User Study 1. Regarding haptic experi-
ences, we prepared a question: one regarding the realism of the
experience: “The sensations of (weight, friction, compliance) pre-
sented in the virtual space closely resembled those I perceive in the
real world.” Each response was scored on a seven-point Likert scale
(-3 = strongly disagree; 3 = strongly agree). Additionally, mental
workload was assessed using the NASA-TLX scale [17].

6.5 Procedure

The experiment comprised three main components: the haptic prop-
erties sorting task and the questionnaire. Participants engaged in
these activities while wearing the HMD. The entire procedure lasted
approximately 1 hour. The participants

3https://docs.unity3d.com/2022.3/Documentation/Manual/class-PhysicMaterial. html
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1) read and signed an experimental consent form.

2) received instructions and an overview of the task.

3) completed haptic properties sorting task in weight, friction
and compliance condition.

4) completed the questionnaire.

5) repeat (3) and (4) in each avatar control condition.

6) completed the post questionnaire.

6.6 Result

Figure 10 shows box plots of the realism score of each haptic inter-
action. A two-way ANOVA (manipulation condition v.s. haptic prop-
erty) was used to analyze the results. When the normality assump-
tion was violated (Shapiro-Wilk test), ART was used for the data.
The results show a significant main effect in the manipulation condi-
tion factor (F(2,63) = 7.0, p < .01). Then, post-hoc tests (Wilcoxon
signed rank test with Shaffer’s collection) showed that the realism
score of body condition is significantly higher than that of finger
condition (p < .01,r = .58) and that of Selfrionette condition is
significantly higher than that of finger condition (p < .01,r = .62).

Figure 11 includes box plots of the responses to embodiment
questionnaire and the NASA-TLX score. Wilcoxon signed rank
test for each embodiment score (ownership, agency and location)
and paired t-test for NASA-TLX score with Shaffer’s collection
were conducted. Consequently, significant differences were found
between the ownership score of body condition versus that of finger
condition (p < .01,r = .94). Moreover, the results show that the
NASA-TLX score of body condition was significantly lower than
that of finger condition (p < .01,r = .86) and that of Selfrionette
condition (p = .049,r = .67). Each element of the NASA-TLX
(mental demand, physical demand, temporal demand, performance,
effort, frustration) was individually analyzed. The analysis revealed
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Figure 11: Result of sense of embodiment and NASA-TLX Score.

that the trends in scores for mental demand, physical demand,
effort, and frustration closely mirrored the overall score trends.
Conversely, the scores for temporal demand and performance were
consistently low.

6.7 Discussion

Initially, it was anticipated that force-input methods would offer a
more realistic haptic experience compared to motion-based tech-
niques. However, the outcomes of haptic realism score from both
body tracking and Selfrionette were nearly identical. This may
suggest that the discrepancy between the user’s perceived body po-
sition and the avatar’s position, managed through pseudo-haptics
in Body condition, was minimal enough not to disrupt the user
experience. Moreover, the complexity of operating Selfrionette hin-
dered users from executing desired movements, potentially limiting
their ability to engage fully with the haptic properties. Further in-
vestigation is needed to ascertain whether proficient Selfrionette
users perceive a heightened sense of haptic realism. On the other
hand, Selfrionette performed better in providing a realistic haptic
experience compared to the finger method. For users trying out
both methods for the first time without a fully developed under-
standing of how they work, Selfrionette provided sensations more
akin to real haptics. This is because Selfrionette allows users to
perceive the force applied by their fingertips, enhancing the sense
of haptic realism.

Regarding Embodiment scores, no significant difference was ob-
served between Selfrionette and Body. In User Study 1, which em-
ployed a simple motor task, there was a discrepancy in Embodiment
scores between Selfrionette and Body. However, this difference was
not observed in the current task. This could be attributed to the
inclusion of haptic information, absent in User Study 1, which may
have accelerated the sense of embodiment towards the avatar. While
further validation with an increased number of participants is nec-
essary, it has been realized that incorporating appropriate haptic
interactions when using Selfrionette could enhance embodiment
towards the avatar.

Furthermore, in terms of NASA-TLX scores, Body exhibited bet-
ter scores compared to Selfrionette and Finger. As mentioned ear-
lier, this could be attributed to the fact that both Selfrionette and

Finger were novel manipulation methods for users, leading to an in-
creased mental workload during operation. Particularly, comments
suggested that manipulating objects while moving the body, as re-
quired in the Weight condition, was considerably more challenging
with Selfrionette and Finger compared to Body. To make these novel
methods more intuitive, improvements in hardware and mapping
strategies are needed. Further details will be discussed in the Future
Work section.

In conclusion, while Selfrionette imposes a higher mental work-
load compared to body during operation, its haptic experience qual-
ity is equivalent. Moreover, when compared to the Finger method,
Selfrionette offers a higher quality haptic experience, allowing users
to feel embodiment in their avatars and enabling a realistic haptic
experience within limited space.

7 LIMITATION AND FUTURE STUDY
7.1 Learning and Gain Optimization

In the Selfrionette system, users re-associate body movements
through finger force input. User Study 1 showed that the oper-
ation is intuitive, with users typically adapting after performing
the task for about 30 seconds, repeated almost five times. However,
a longer usage duration is needed to instill a sense of embodiment
in the avatar. Some participants struggled even after 10 repetitions.
Despite this, an experienced user (one of the authors) showed that
with practice, performance in the Selfrionette condition could reach
about 83% of the body condition scores (Body average time: 1.24
s, Selfrionette average time: 1.50 s) (Figure 12), suggesting that
updating the body schema using Selfrionette is feasible.

Adjusting the force and motion gain could potentially shorten
the initial learning process. In our user study, we used conservative
low force gain values to ensure ease of avatar control for most
participants. However, the gain settings can impact the operation’s
accuracy, comfort, and energy efficiency. Future studies should
explore dynamic gain tuning techniques, gradually increasing the
gain as users become more familiar with the operation, allowing
quicker and more precise movements with less force.
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on the same task as User study 1

7.2 Full-Body Interaction

To evaluate the effectiveness of the proposed method in experi-
ments, this paper focuses on hand interaction as a first step, al-
though we implemented walking interactions with using thumbs
on trial. In future research, it will be crucial to experimentally verify
the effectiveness of Selfrionette for the entire body, including the
legs. Preliminary user studies on the WIP method implemented
with the thumbs in this study indicate that the current method
of walking control is not easy to master and requires longer prac-
tice compared to arm control using the index finger. Therefore,
future research should focus on developing a more intuitive leg
operation mapping and walking control system that facilitates easy
and rapid learning. It has been established that using alternating
index trigger inputs as a locomotion technique in VR can alleviate
motion sickness compared to joystick locomotion[55]. Therefore,
it is hypothesized that Selfrionette WIP, which utilizes alternating
force inputs, may also reduce motion sickness while providing a
sensation of real walking. This hypothesis should be investigated
in future research. Furthermore, while the current implementation
achieves walking interactions using 1 DoF input from the thumbs,
we plan to implement 3 DoF control for the legs, similar to the
arms, to enable more complex leg interactions. Moreover, it will be
necessary to investigate the full-body manipulation using multiple
fingers from a view of cognitive load.

7.3 Ergonomic Design for Efficient Force Input

To allow users to position their hands naturally, the Selfrionette
hardware uses a mouse-like casing. However, this hand posture
made it difficult to apply force in certain directions with the index
finger. Users struggled to exert force in the direction of index fin-
ger spreading and had difficulty moving it forward and backward,
sometimes resulting in excessive force and unstable avatar opera-
tion. Redesigning the device to allow easier force application in all
three axes, especially with the index finger, such as a semi-gripped
position, could improve comfort and operability.

8 CONCLUSION

The Selfrionette system is an interface that helps people move
their bodies in virtual reality (VR) spaces and improves haptic
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interactions. It is especially useful for people who have limited space
or physical disabilities, allowing them to fully enjoy immersive VR
experiences. With Selfrionette, interactions involving the entire
body, such as reaching for objects, grasping them, and walking, can
be controlled solely by the force applied by the fingers. Furthermore,
diverse haptic properties can be imparted to these interactions.

In summary, it has been established that body tracking methods
excel in intuitiveness and are well-suited for completing simple
motor tasks. On the other hand, it was observed that there is a
difference in the ability to perform simple motor tasks between
Selfrionette and Finger conditions, both of which allow for full-
body operation in limited space. Additionally, methods utilizing
Selfrionette excel in system usability and haptic experience quality
compared to finger-motion methods, and they can provide realistic
haptic feedback comparable to body tracking methods.

In conclusion, Selfrionette is a promising tool for enriching haptic
interactions in VR spaces, especially beneficial for those who value
limited spaces or who cannot move their arms and legs as much as
they would like in the real world. Also, depending on how and for
how long the user uses the Selfrionette, it may exceed body tracking
in terms of motion velocity, haptic experience, and embodiment
factors.
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