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ABSTRACT

Perceiving objects’ and avatars’ weight in Virtual Reality (VR) is
important to understand their properties and naturally interact with
them. However, commercial VR controllers cannot render weight.
Controllers presented by previous work are single-handed, slow, or
only render a small mass. In this paper, we present PumpVR that
renders weight by varying the controllers’ mass according to the
properties of virtual objects or bodies. Using a bi-directional pump
and solenoid valves, the system changes the controllers’ absolute
weight by transferring water in or out with an average error of less
than 5%. We implemented VR use cases with objects and avatars of
different weights to compare the system with standard controllers.
A study with 24 participants revealed significantly higher realism
and enjoyment when using PumpVR to interact with virtual objects.
Using the system to render body weight had significant effects on
virtual embodiment, perceived exertion, and self-perceived fitness.
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1 INTRODUCTION

When we hold or move objects, we sense their weight to under-
stand the objects’ physical properties, which in turn affects how
we interact with them [22]. Perceiving the weight of our own body
using the proprioceptive system, on the other hand, shapes our
body awareness [12] and affects motor accuracy [32]. Providing
realistic weight sensations is therefore a key challenge for the
progress of haptic virtual reality (VR) technology. Moreover, as-
pects of the game experience in VR can diminish, when the weight
of the handheld VR controller does not match the visual properties
of the object held in the virtual environment [64]. As the handling
of objects is inherently linked to the perception of them, VR simu-
lations should be able to render weight to accurately demonstrate
the actual sensorimotor behavior. This is particularly vital for VR
training, which relies on the transfer of motor skills acquired in VR
to safety-critical tasks in the real world. It is, for example, important
to feel the weight of a chainsaw when learning to use it through
VR training [65].

In addition to simulating the weight of virtual objects, it also
remains a challenge to simulate the body weight of avatars in VR
games or applications for therapies. Especially research on virtual
body perception and its use in therapeutic contexts would bene-
fit from a system for adjusting the body weight perceived in VR.
Embodying avatar bodies can elicit behavioral [29], attitudinal [7]
or perceptual [27] changes based on the avatar’s appearance. Due
to these effects researchers create embodied VR experiences of
avatars of different body weights to support body image-related
behavioral therapy [11, 63]. As matching visual characteristics have
been shown to enhance virtual embodiment [60], it has been hy-
pothesized, that congruent body weight can amplify the illusion as
well [59]. Previous research revealed that the perception of body
weight is flexible using a short arm human centrifuge and parabolic
flight [12]. Other researchers attached weight to the inside of suits
aiming to enhance the sensation of owning an overweight body [18].
However, a system to systematically simulate body weight in VR is
still missing.

To perceive weight in the physical world, complex sensory mech-
anisms respond to the gravity force, that originates from the mass of
a lifted physical object. Gravity pulling downwards and the forces
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applied to resist gravity are the main forces at work in human
weight perception [10, 34]. When humans pick up an object, grip
and lift forces are increased simultaneously until the object lifts off
and the grip force is no longer increased [15]. To estimate weight,
both kinaesthetic information of stretch receptors and cutaneous
information of pressure receptors are taken into account [4, 36, 48].
Pressure receptors are located in the skin and are sensitive to pres-
sure, whereas stretch receptors are located in the muscles and are
sensitive to changes in muscle length [48]. The brain also receives
information about weight from the vestibular system, which esti-
mates the strength of gravity via the otolith organs to create the
sense of balance [12]. Other factors that influence the perception
of weight include the material, size, and shape of a lifted object [5].
Lim et al. [34] systematically reviewed the state of the art in
weight perception in VR. The authors noted that most current ap-
proaches to weight simulation can be categorized into four types of
haptic techniques: Devices that apply or manipulate forces (e.g., [17]),
devices that deform (finger) skin (e.g., [14]), devices that use vi-
bration feedback (e.g., [1]) and devices that shift the center of
mass within the controller (e.g., [68]). Additionally, some systems
combine two of these techniques [57]. In contrast, there are tech-
niques, that do not use physical manipulations at all and rely on
visual cues to communicate different weights (pseudo-haptic feed-
back) [33, 45, 49]. However, for VR users to perceive weight realisti-
cally, gravitational forces need to be exerted, to which human senses
normally respond [34]. Lim et al. [34] conclude in their review, that
current approaches have not yet solved the challenge of simulating
weight due to limitations regarding the accuracy, discriminability
of displayed weight, amount of rendered weight, double-handed
interaction, asynchrony, and applicability to different scenarios.
Due to the complexity of sensory mechanisms involved in weight
perception, simulating weight despite the absence of real mass, re-
quires synthesizing a multitude of sensory inputs. To accurately
render weight, it seems thus more effective to adjust the mass
outside of VR, rather than simulate the variety of required forces.
A method to flexibly change the mass of objects was introduced
by Niiyama et al. [41]. The researchers proposed the use of lig-
uid mass transfer to adjust the weight of objects. Their system
uses a bi-directional pump to transfer liquid in or out of a blad-
der, that is located in a shell. As a result, they obtained an object
with adjustable mass. However, as they have only demonstrated
the mechanism on a small scale, it is unclear if the device can be
configured for use in VR. Cheng et al. [6] adapted the concept of
liquid mass transfer to implement a haptic feedback device for VR.
For their device, GravityCup, the researchers installed pumps in a
handheld and in a waist-worn container to transfer water between
both components. However, due to the perceptible inertia of the
water and a slow pumping speed of 19.62 ml/s, GravityCup’s use
cases were limited to simulating containers that can be filled with
liquids. Similarly, Wang et al. employed liquid mass transfer in their
VR controller extension [61]. Their system combines vibrotactile
feedback with changes in the center of mass and changes in ab-
solute mass. The weight of the handheld device could be adjusted
using stepper motors actuating syringes. Using this mechanism
they demonstrated the induction of weight changes of up to 50 g.
However, to be applicable for a wider range of application needs,
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rendering weight of mid-weight and heavier objects needs to be
supported.

In this work, we present PumpVR (Providing Users with Mass
Perception in Virtual Reality), a device, that builds on the concept
of liquid mass transfer to enable automatically adjusting the weight
of two handheld VR controllers. The system uses a mobile high-
performance water pump to induce distinct levels of weight within a
range of 500 g per controller, with the controller’s maximum weight
being reached within 3100 ms. In a study, we demonstrate that the
device enhances perceived realism and enjoyment in a game, that
requires the players to interact with virtual objects of different
weights, that they can pull from an inventory. We additionally
show, how the device can amplify the level of virtual embodiment
and perceived exertion while reducing self-perceived fitness when
used to render body weight. We implemented two use cases to
demonstrate PumpVR’s capability of rendering weight of virtual
objects and avatars. In addition, we propose further use cases that
utilize PumpVR’s influence on perceived weight and exertion.

The contribution of this paper is threefold:

(1) It describes a novel liquid-based weight interface for VR. The
system can provide a wider range of weight at a higher speed
than previous approaches, and features bi-manual weight
feedback.

(2) We validate the use of our device to simulate object weight
in VR and provide evidence that this can enhance the VR
experience in terms of realism and enjoyment.

(3) We empirically demonstrate that weight-changing controllers
can also be a tool to strengthen virtual embodiment and show
how this affects perceived fitness and exertion.

2 RELATED WORK

In this section, we discuss previous research on providing weight
sensations in VR. A broader overview of weight interfaces and
weight perception in VR can also be found in the review by Lim
et al. [34] and the survey by Ye [67].

2.1 Simulating weight of virtual objects

Most research on rendering weight of virtual objects has focused on
simulating the sensory input, that is required to sense an object’s
weight. In their review on weight perception in VR Lim et al. [34]
systematically analyzed 65 research papers and classified them into
five different types of haptic cues. The resulting categories are force,
skin deformation, vibration, weight shifting and others.

Force relates to approaches that exert or manipulate forces to
simulate weight. Heo et al. [17], for example, used propeller propul-
sion to create force feedback. Regarding weight simulations, they
demonstrated the gravitational pulls on different planets. However,
as the direction of force depends on the orientation of the device,
the force to be exerted must be continuously computed, which
causes a latency of 300 ms. Hence, rotating virtual objects can cause
visual-haptic asynchrony. Also, due to the employment of six mo-
tors and propellers, their system produced noise of up to 80.7 dB,
exceeding safe noise levels [13].

Skin deformation refers to mimicking the cutaneous pressure
when holding weights. For instance, Girard et al. [14] employed DC
motors to actuate downward pressure on the fingertips deforming
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skin on the fingers to indicate how heavy an object is. These ap-
proaches however don’t simulate forces essential for human weight
perception, such as grip or other kinaesthetic forces. Due to these
missing cues, weight feedback indicated by skin deformation is
rather metaphorical [14].

A different approach is to rely on vibration to display different
weights. Amemiya and Maeda [1] systematically varied oscillation
patterns of a handheld device, which affected the perceived weight
of that object. However, this haptic illusion vanishes for downward
movements, or when the device is not held upright.

Other researchers employed mechanisms, that shift the center of
mass within a handheld device (weight shifting). For instance, Zen-
ner and Kriiger [68] developed Shifty, a rod-shaped VR controller
that uses a pulley to shift a weight of 127 g along its own axis to
provide different weight sensations. As a result of the changed in-
ternal weight distribution of the device, the force that users need to
exert to manipulate the controller is changed, creating the illusion
of a different mass. Inherently, the device can also be used to render
shifted centers of mass. While these weight shifting devices could be
used to provide weight sensations associated with distinct masses,
they are restricted to a small range of weight, as their absolute mass
cannot be changed and installing a heavier moving weight would
equally increase the empty weight. Additionally, the weight sensa-
tion generated is highly dependent on the type of interaction and
object manipulation. Users can, for example, discriminate weights
when lifting virtual objects using Shifty, but this effect vanishes,
when the device is held upright. When users swing the device, they
can perceive the object’s center of mass, breaking the illusion of an
absolute mass change.

The category others subsumes haptic feedback cues based on
electrical muscle stimulation, head rotations, or liquid inertia. Lopes
et al. [35] explored the use of electrical muscle stimulation to cre-
ate tension in the muscles, that are involved when trying to hold
an object or touching a wall. However, the system’s effectiveness
regarding weight perception and discrimination has not been evalu-
ated. Similarly experimental, Teo et al. [53] stimulated receptors in
the vestibular system to force head motion rotations. The strength
of stimulation was increased or decreased based on the weight of
the displayed object. As no evaluation was carried out, it is unclear
whether this method could be used to successfully communicate
weight changes. Regarding liquid inertia, Lim et al. [34] refer to the
work by Cheng et al. [6], which we discuss in section 2.2.

In their review, Lim et al. [34] identify inaccuracy, distinctiveness
and amount of rendered weight, one-handed interaction, synchrony,
and lack of adaptability to different scenarios as the main problems
of current approaches. Consequently, in line with Ye [67], they
regard the challenge of simulating weight without real gravity
forces as unsolved.

2.2 Liquid mass transfer

Niiyama et al. [41] presented a promising method to provide real
weight by changing the absolute mass of a proxy through the trans-
fer of liquid metal (Ga-In-Tin eutectic). Their system uses a bi-
directional pump to move liquid in or out of a bladder inside the
object. For this, the weight-changing object is connected to a second
liquid container via hoses. The researchers provided application
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scenarios of simulating the density of materials, using different
weights to balance a lever, and exhibiting the relation of planet
properties in miniature. Thus, the focus of the device was on small
scales, rather than meeting the performance requirements of a VR
system (achieving the largest possible range of weights within the
smallest possible time frame). Wang et al. [61] incorporated lig-
uid metal transfer to their VR controller extension. The prototype
comprises actuators providing vibrotactile feedback with two liq-
uid metal reservoirs providing gravitational feedback (changes in
the center of gravity and absolute changes). The liquid metal is
contained in two balloons, each connected to a separate syringe
via tubing. The syringes are operated by stepper motors to fill or
empty the balloons on demand. In an evaluation, this mechanism
was shown to transfer up to 50 g, which is sufficient to emulate
shifted centers of mass or to support the visual information that an
object has been lifted. However, it limits the accurate rendering of
absolute mass change to very lightweight objects, such as picking
up two alkaline AA batteries (46 g) in an assembly line simulation.

Likewise, Cheng et al. [6] developed GravityCup, a system, that
transfers liquid between two units through hoses. Their approach
uses two water pumps, that regulate the water level of both units
to achieve the weight change. Each pump is located in a water
bag, one of which is worn at the waist, and the other is placed in
a cup-shaped handheld device. The latter has a capacity of 330 g,
which can be filled by the system in 16.8 seconds, which equals a
flow rate of 19.62 ml/s. As the liquid inertia in the cup is noticeable,
GravityCup’s use case is limited to inducing the perception of
the inertia of virtual liquids or containers. Hence, the researchers
demonstrate the system in the VR scenarios of watering a plant,
filling a cup of coffee, scooping up dog food, and holding an empty
cup during changes in gravity.

Overall, previous work employing liquid mass transfer to render
weight has revealed several challenges, that need to be tackled [23].
First of all, the delay between input action and reaching the tar-
geted weight needs to be decreased to increase user experience
and realism. With studies repeatedly showing that latency of sev-
eral milliseconds is already perceptible [9, 39], it is unrealistic to
perform liquid mass transfer without a noticeable delay. However,
longer waiting times negatively affect the user experience and can,
depending on the context, cause frustration. For instance, the wait-
ing time for GravityCup to fill the container exceeds the threshold
of 10 seconds, which is regarded as the limit above which users stop
paying attention to their task [40]. Inherently, the matter of speed
is a trade-off with the range of mass that can be provided by the
system. Consequently, a further challenge is the ability to emulate
the weight of commonly used heavier items like virtual hammers
or swords. Thirdly, the design of the liquid-transfer mechanism
must not generate unintended forces. Perceiving liquid inertia or
other forces that do not match the characteristics of the virtual
pendant could break the illusion. Additionally, Lim et al. [34] high-
light the lack of double-handed interaction as a problem of most
present interfaces for weight perception. In line with this, previous
liquid-based systems are designed for one-handed interaction and
their design does not scale well if the system is extended to provide
weight sensation on different parts of the body. Adapting the de-
sign of Wang et al. [61] to support double-handed interaction, for



CHI 23, April 23-28, 2023, Hamburg, Germany

example, would require mirroring the whole system for the other
hand.

2.3 Body weight simulation

Research on virtual body weight simulation builds on investigations
on the body ownership illusion (BOI), which refers to the illusory
sensation of experiencing a foreign body as the own one [25]. For
BOIs to occur, the foreign body’s visual appearance, postural and
anatomical features, as well as multisensory information, e.g., visuo-
motor or visuo-tactile synchrony [31], have to be plausible [56].
To simulate body weight, designers and researchers of VR appli-
cations therefore provide participants with a first-person view of
avatar bodies, whose visual characteristics represent a certain body
composition and body weight. In addition, visuo-motor or visuo-
tactile synchrony is typically applied while embodying the avatar.
Visuo-motor synchrony can be established by tracking the partic-
ipants’ movements and transferring them in real-time onto the
avatar. To intensify the experienced BOI during experiments, par-
ticipants are therefore frequently asked to perform simple tasks
in front of a virtual mirror [11, 26, 30, 66]. Other approaches rely
on visuo-tactile synchrony where a certain part of the real body
is touched while participants see a congruent touch on the virtual
body [24, 28, 31, 52]. This allows to more specifically target the per-
ceived body size [42, 43]. For instance, Normand et al. [42] found
that participants overestimated their belly size after synchronous
visuo-tactile stimulation of the avatar’s belly, which was oversized,
and the participant’s own belly.

Users estimate the weight of avatars based on visual cues, such
as shape and texture of the avatar [27, 43, 55]. Sikstrom et al. [51]
also demonstrated that body weight estimations of a virtual avatar
can be altered by applying different audio filters on the avatar’s
foot step sound. These findings imply that auditory cues also affect
the extent of the BOL Other studies found the participants’ body
mass index to predict their perceived avatar weight [54, 66]. Conse-
quently, it is not only the avatar’s visual and auditory appearance
but also users’ own body weight that affects how they perceive
the weight of their virtual avatar. Ferre et al. [12] showed through
altered gravitational fields (using parabolic flight and a short arm
human centrifuge) that the perception of one’s own body weight is
rooted in the brain’s estimation of gravitational strength. Hence, it
has been hypothesized that sensing weight forces congruent to the
target weight could enhance body weight simulations [59]. How-
ever, it is still unknown if manipulating weight forces improves the
perception of avatar weight. Furthermore, technical solutions to
provide body weight sensations in the context of virtual embod-
iment are currently unexplored. Innovative ways to foster BOIs,
however, would be valuable for researchers and designers of VR
applications as they seek to create intense and believable BOIs and
VR experiences.

2.4 Summary

A substantial body of research has explored the induction of weight
sensations in VR. Previous work on haptic weight interfaces for
VR has focused exclusively on the weight of virtual objects, rather
than the weight of virtual bodies. Overall, robust simulation of
different weights without physically changing the weight exerted
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has not yet been proven feasible using current approaches [34, 67].
Adjusting the weight through liquid mass transfer is promising
however, provided that limitations regarding the amount of mass,
disturbing forces such as liquid inertia, the flow rate and double-
handedness can be tackled [6, 41, 61].

3 DEVELOPMENT OF PUMPVR

Considering the limitations of previous work, we developed PumpVR
to enable users to perceive the weight of objects and avatars in VR.
The system provides distinguishable weight sensations of up to 500
g per hand. To reach that weight, it is capable of transferring mass
at a rate of 150.8 g/s into a reservoir inside the controller. PumpVR
allows double-handed use by featuring two handheld controllers
that can be filled from the same reservoir. For other researchers to
build on this work, we have made PumpVR’s hardware and software
design available on github!.

Y

Figure 1: A single PumpVR Controller (top) with three fill
levels (left: empty, center: partially filled, right: full) and
respective exemplary virtual counterparts (bottom). The out-
line of the water bag is highlighted.

3.1 Design goals

Based on the challenges summmarized in section 2.4, we identified
the following design goals, that guided the conceptualization and
development of PumpVR. We derived, that the system should:

Be capable of performing weight changes as fast as possible
Provide distinguishable levels of weight

Render a wide range of mass

Have a wearable size and weight

Allow double-handed interaction

Prevent unintended forces, i.e. liquid inertia and air resis-
tance

Operate with safety extra-low voltage

!https://github.com/a-kalus/PumpVR
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Figure 2: Components of PumpVR. (1) Solenoid valves. (2) Control unit, consisting of an Arduino microcontroller, a HC-05
Bluetooth transceiver, and six relay modules. (3) Bi-directional pump (4) Power cords. (5) 11 water bag. (6) Handheld controllers

(0.51 water bag with plastic housing). (7) HTC Vive Tracker

3.2 Concept

The device comprises two handheld controllers, whose weight can
be adjusted dynamically through liquid mass transfer. This is ac-
complished by pumping water into or out of the controller using a
hose connection to an external water reservoir. It can change the
weight of the controllers simultaneously or independently of each
other. The external water reservoir, as well as the system’s other
parts, can be placed on a table or worn on the back. The controllers
are bottle-shaped and meant to be grabbed at the bottleneck to
keep the center of mass distant, which amplifies the perception
of weight [68]. Alternatively, straps could be used to attach the
controllers to other body parts, such as the forearm which enables
the fingers to operate other input devices, or to the feet to exert
weight there in sports applications, such as ski simulations. Figure 1
shows PumpVR at three different weight levels and virtual items
that could be represented by them.

3.3 Implementation

An overview of PumpVR and its components can be seen in Figure 2.
The liquid mass transfer is achieved by pumping water in or out of
a 0.5 ] water bag, which is located in each controller. Sealed foldable
drinking bags (Recreatio, 247Goods) were chosen, as they contract
under negative pressure, avoiding the perception of liquid inertia.
Each of them is placed inside a plastic housing to prevent sensing
the bag’s air resistance. The water transfer is enabled through a

hose connection that leads from each controller via a reversible
electrical pump to a third water bag (1 1 cap.). The flexible hoses
have an inner diameter of 10 mm. We used a Marco UP1-JR pump,
as it meets our requirements for performance, weight, and safety,
with a flow rate of 460 ml/s, a weight of 1.8 kg and safety extra-low
voltage of 12 V (DC) [50] . The pump features a flexible rubber
impeller, which allows the reversal of the direction of water flow.
Four two-way solenoid valves - two between each controller and
the pump - are added to the water circuit. This allows the weight
of the controllers to be changed independently of one another or in
tandem. Figure 3 schematically shows the operation of the hydraulic
system.

The weight change mechanism is controlled by an Arduino Micro
(Adafruit Industries) microcontroller, that is coupled to a Bluetooth
transceiver module (HC-05, Major Brands) and six single pole dou-
ble throw relay modules. Two of the relay modules are wired in
a polarity switching circuit connected to the pump’s DC motor,
enabling the Arduino to reverse the direction of water flow. The
other four relays switch one solenoid valve each. The relays are
used to isolate the Arduino and the Bluetooth module from the
higher current of the pump. In line with this protective partition,
the microcontroller and the pump are powered by separate power
supplies. A 10 amp circuit breaker further protects the components.
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£ Y ¥ Y Action Dir. Valvel Valve2 Valve3 Valve4
ﬂ < [Wﬂ l | < IW ﬂ ! ‘ < FN&‘ i | . [W fill left A open closed open closed
drain left B closed open closed open
fill right A closed open closed open
drain right | B open closed open closed
fill both A open closed  closed open
B drain both | B closed open open closed

Figure 3: Schematic ISO 1219-1 diagram of the hydraulic system (left) and an overview of its different modes (right)

The hardware, along with the water tank and the pump is assem-
bled on a board, that can either be positioned stationary or worn
on the back.

To enable the system to be used in the virtual environment, the
controller’s positions and rotations are tracked via HTC Vive Track-
ers screwed on both controllers’ housings. As all user input required
in our test scenarios can be provided via positional and rotational
tracking, the present prototype does not feature any further inter-
action components, such as buttons. To establish communication
between the device and a game engine, either a serial Bluetooth
connection or the Arduino’s micro USB port can be used. We used
the .NET SerialPort Class within a Unity3D environment to send
messages depending on in-application events to the Arduino. Based
on this input, the Arduino switches the corresponding relays to set
the flow direction, starts the pump, and opens the associated valves
to achieve the desired weight.

3.4 Performance

As we require the prototype to produce distinct levels of weight,
we measured the relative weight of a single controller for different
pumping durations. Therefore we tested five fill intervals in the
steps of 1/5 of the time required to fill the controller’s reservoir. As
its maximum weight of 500 g can be reached in 3100 ms, we derived
the time intervals of 620 ms (level 1), 1240 ms (level 2), 1860 ms
(level 3), 2480 ms (level 4) and 3100 ms (level 5). We temporarily
connected a weigh scale and a load cell amplifier module (HX711,
SparkFun Electronics) to the Arduino to map weight data to the
arduino states. In the test loop, the water bag was subsequently
filled and drained 30 times per fill interval.

We found a mean weight of 94.7 g for level 1 (SD=3.8), 188.1
g for level 2 (SD=10.5), 270.2 g for level 3 (SD=14.6), 381.5 g for
level 4 (§D=20.4) and 465.7 g for level 5 (SD=12.6). The values are
relative to the controller’s empty weight of 245 g. Thus, PumpVR
fills the reservoir at an average rate of 150.8 g/s and with an average
deviation of less than 5%. Figure 4 shows the weight change for
each interval. The results demonstrate, that by varying the pumping
duration, PumpVR can be used to target different weights. The drop
in efficiency compared to the manufacturer’s specification of 460

ml/s is expected, as the flow rate is limited by the valves internal
diameter, as well as the size and bending of the tubing.

500 — %
400 - ;

2 300 - :
= wiian
o H
g 200 - -
100 - s
O .

I I I I
620 1240 1860 2480 3100

duration (ms)

Figure 4: Relative controller weight by pumping duration

4 TEST APPLICATIONS

We developed two test applications using Unity3d. The focus of
the first application (hereinafter referred to as Inventory Game) is
to demonstrate and test the system’s ability to render the weight
of different virtual objects. It can be seen in Figure 5 (right top).
The purpose of the second application (hereinafter referred to as
Embodiment Scene) is to explore the use of PumpVR to render body
weight. It is shown in Figure 5 (right bottom).

4.1 Inventory Game

The aim of the Inventory Game is to use common game mechanics
to allow players to switch items of their inventory, such as weapons,
tools or resources. Hence, we implemented the Inventory Game in
the style of fantasy role-playing games featuring, to demonstrate
the use of PumpVR for object interaction. Players find themselves in
avirtual forest, where they embody virtual hands. Players can freely
pull out a variety of items from their back and use them to combat
approaching enemies and block arrows. Based on the items’ real
world characteristics, we assigned each item one of the five weight
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Figure 5: User perceiving weight through PumpVR (left) and the users’ view (right) for the inventory game (top) and the
embodiment scene (bottom).

levels defined in section 3.4. An additional weight level of zero was
set for phases when no object is held in the hand. With each hand,
players can grab a torch (weight level 1), a spear (weight level 3), a
sword (weight level 4), a shield (weight level 5) or a hammer (weight
level 5) from a virtual backpack by touching a box collider at their
back. They can put the object away by reaching into that backpack
again. Which object appears is determined by the game. There is
no mechanic that obscures the delay between the visual event and
weight change, to test users’ acceptance of the delay. This means,
that as soon as colliders register that the player is grasping an item,
it is rendered in the virtual hand and the process of changing the
controller’s weight starts. This also applies to putting the item away.
Players go through six game levels, that have individual enemies,
each requiring a specific item to be defeated. Subsequently, they
have to defend themselves against arrows with a shield, wolves with
a sword, wasps with a torch, rhinos with a hammer and iguanas
with a spear. In the final level players have to block arrows with
a shield in one hand while fending off wolves with a sword in the
other.

4.2 Embodiment Scene

In the Embodiment Scene, users first embody a slim female or
male avatar and then can transform into a bulky one. Avatars were
created using the avatar modeling software Daz 3D. During the
transformation, the avatar’s body fat and the weight of both con-
trollers are increased simultaneously until the controllers reach
their maximum weight. Through the use of inverse kinematics,

users can see the body parts of the avatar at the estimated posi-
tion of their own body parts. The virtual room includes a mirror
in which the users can observe their virtual upper body. Figure 6
shows the users’ view and the reflection in the mirror during the
transformation of the avatar. The scene features an activity wall to
engage the users while embodying the avatar. It is modeled after
a commercial training device! and consists of a 4 x 5 matrix of
light panels, with one of them randomly lighting up blue. The wall
challenges the user to touch that light panel, that lights up blue, as
quickly as possible, which turns the light off and randomly switches
on a different light panel. Figure 5 depicts the users’ interaction
with the activity wall.

5 EVALUATION

We conducted a study to test how PumpVR affects the experience
when rendering the weight of objects and avatars. In this section,
we describe the experiment, present and interpret our results, and
discuss their implications.

5.1 Method

5.1.1 Participants. Twenty-four subjects (11 identified as male,
and 13 identified as female) participated in the study. They were
recruited using our department’s mailing list and public forums at
our institution. Their age reached from 20 to 27 years (M = 23.48
SD = 2.13). The exclusion criteria was an uncorrected vision. Thus,
all participants had either normal or corrected-to-normal vision.

lwww.twall.de
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Figure 6: User (left) experiencing the transformation from slim (center) to bulky (right) for the female (top) and male (bottom)

avatar.

According to the international classification of adult underweight,
overweight, and obesity [38], their weight was normal, except for
4 participants, who are classified as pre-obese. Participants were
compensated with 10€ or credit points for their study program. The
study received ethics clearance according to our institution’s ethics
and privacy regulations. All participants completed all tasks.

5.1.2  Apparatus. The VR applications ran on a PC with Windows
10, equipped with an Intel i7-8750H Processor, 16GB RAM, and an
NVIDIA GeForce GTX 1060 graphics card. Participants perceived
the virtual world through an HTC Vive Pro head-mounted display
(HMD). They had a play area of approximately 1 x 1 m. The head-
mounted display, PumpVR controllers and HTC Vive controllers
were tracked by StreamVR Base Stations 2.0.

5.1.3  Study Design. In the experiment, all participants performed
each task twice, once using PumpVR, and once using standard VR
controllers (HTC Vive Controllers) with static weight. As such, we
used CONTROLLER with the two levels standard and PumpVR as
independent within-subject variable. The order of the CONTROLLER
was counterbalanced to avoid sequence effects. We hypothesized,
that using PumpVR in the Inventory Game leads to the experience
being perceived as more realistic, as well as more enjoyable, in
comparison to using the standard controllers. Additionally, we hy-
pothesized that using PumpVR in the Embodiment Scene increases
the level of embodiment and perceived exertion, whereas it de-
creases fitness ratings. This resulted in the dependent variables of
realism, enjoyment, virtual embodiment, perceived exertion and
self-perceived fitness.

5.1.4 Measures. To quantify the perceived realism of the experi-
ence we used the reality judgment subscale of the Reality Judgment
and Presence Questionnaire [2]. It consists of eight items, that ad-
dress realism, presence and reality judgement. The questions are
answered on ten-point scales (from 1 to 10), which are added up

obtain the total score. We assessed differences in enjoyment via the
seven items from the interest/enjoyment dimension of the Intrinsic
Motivation Inventory Scale, the subscale to measure intrinsic moti-
vation [47]. Participants are asked to indicate their agreement with
the seven statements on seven-point Likert scales. To investigate
the level of avatar embodiment we used the Virtual Embodiment
Questionnaire (VEQ) [46]. It assesses the three dimensions own-
ership, agency, and change (in perceived body schema) via twelve
items, that scored on 1 to 7 scales. Aside from the dimensions’ indi-
vidual scores, a general virtual embodiment score was calculated
by summing the scores of these three components. Self-perception
of fitness was obtained using the questionnaire created by Delig-
niéres et al. [8] with the single-item subscales endurance, strength,
flexibility, body composition and fitness rated on 13-point scales.
Prior to the experiment, all dimensions were asked to screen for
outliers regarding the participants’ overall physical capacities. Dur-
ing the experiment, only the fitness dimension was assessed. As the
questionnaires were answered outside of VR, here the wording was
modified to refer to the experience in the virtual world (e.g. from "I
am exceptionally fit" to "In the virtual world I was exceptionally
fit"). Participants rated their perceived exertion on the psychophys-
ical Borg Rating of Perceived Exertion (RPE) scale [3]. The scale
ranges from 6 (perceiving “no exertion at all”) to 20 (perceiving
“maximal exertion”). The question referred to their current per-
ceived exertion in general, not specifically to exertion regarding
completing the task or using the controller. Apart from the RPE
scale, which allows the participants to indicate the score orally
during the experience, all questionnaires were answered outside of
VR, as the interaction with a VR questionnaire could be affected by
the used CONTROLLER.

5.1.5  Procedure and tasks. Participants were welcomed and seated
at a table, where the experimenter explained the procedure and
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handed out a consent form. After giving informed consent in ac-
cordance with the Declaration of Helsinki (2013) they filled out the
demographic questionnaire. Participants subsequently performed
three tasks. They were informed about the boundaries of their play
area beforehand. Each task was followed by one repetition of the
same task using the other CONTROLLER. To ensure that participants
could not see the controllers, the experimenter handed the con-
trollers while they were already wearing the HMD. PumpVR was
placed stationary on a table.

To investigate the level of realism and enjoyment for PumpVR
during the interaction with virtual objects, we engaged the par-
ticipants in the Inventory Game as the first task (Task 1). Prior to
entering VR, participants were explained that they can receive ob-
jects by reaching into their virtual backpack and pulling them out.
They then completed the series of six game levels as described in
section 4.1. Each level had a fixed duration of 40 seconds, except for
the final level, which lasted 80 seconds. In-game text instructions
were shown between the levels to guide the participants through the
game and to avoid deviating game events between the conditions.
These instructions informed them about the upcoming enemy and
requested to take out the required object. Between levels, the text
instructions prompted participants to put away the currently held
object. The game was completed in approximately five minutes.
After finishing the game, participants were asked to complete the
questionnaires assessing realism and enjoyment.

For the second task (Task 2), participants perceived the embodi-
ment scene through an avatar. They were assigned an avatar of their
own gender to avoid gender mismatches between participant and
avatar. At the start of the task, subjects embodied the slim version of
their assigned avatar. To familiarize themselves with their avatars,
participants were then instructed to adopt two simple upstanding
body postures (first a T-pose and then a posture of stretching the
arms forward). An illustration of the pose to perform was presented
to them on a poster, that was visible in the mirror. Up to the moment
when the second pose was completed, the embodied avatar was still
slim. After adopting the second pose, the transformation started
and the slim avatar morphed into a bulky one (see Figure 6). In
the PumpVR condition the weight of the controllers was increased
in synchrony with the visual transformation. Embodying the now
bulky avatar, participants were then instructed to perform another
sequence of simple poses, that involved their torso and arms. As
soon as participants adopted the pose displayed, the experimenter
faded in the subsequent pose via a keyboard command. Completing
the sequence of 18 poses took approximately two minutes. The
order of the poses was the same for all participants and conditions.
After finishing Task 2, the participants filled in the VEQ.

Participants then continued with Task 3, which addressed the
effects of PumpVR on self-perceived fitness and exertion. The pro-
cedure was identical to the one in Task 2 until the transformation to
the bulky avatar was completed. Participants then were instructed
to switch off any light panel of the activity wall, that lights up blue
by touching it (as described in section 4.2). Every 30 seconds the
BORG scale appeared on the right on which participants were to
indicate their perceived exertion. They had 10 seconds to respond.
The task was finished after three trials of 30 seconds, resulting
in 3 values, from which the mean perceived exertion score was
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calculated. After completing the task, self-perceived fitness was
assessed.

5.2 Results

We conducted paired-samples t-tests to compare the standard con-
troller and PumpVR regarding realism, enjoyment, virtual embodi-
ment, perceived exertion and self-perceived fitness. The assumption
of normal distribution was verified for all data using Shapiro-Wilk
tests.

5.2.1 Realism and Enjoyment. In the Inventory Game, we found
an effect of CONTROLLER, #(23) = 4.896, p < .001, d = .999 on the
realism scores, which were 43.63 for the standard controllers (SD =
13.81) and 50.3 for PumpVR (SD = 13.32). There was also an effect
of CONTROLLER, #(23) = 3.578, p = .002, d = .730 on enjoyment, with
the score of 21.92 for the standard controllers (SD = 9.21) and 25.63
for PumpVR (SD = 6.95). Figure 7 depicts the mean ratings of realism
and enjoyment.
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Figure 7: Mean scores of realism (left) and enjoyment (right)
for the standard controllers and for PumpVR. The error bars
show the standard deviation. Asterisks indicate significant
differences (**p < .01, ***p <.001).

5.2.2 Embodiment. Regarding the embodiment scene, we found an
effect of CONTROLLER, #(23) = 4.126, p < .001, d = .842 on the virtual
embodiment scores, that were 10.83 for the standard controllers
(SD = 3.3) and 13.19 for PumpVR (SD = 3.46). There was no effect of
CoNTROLLER on the dimension agency of the VEQ, #(23) = 1.926, p =
.067, d = .393. However, there was an effect of CONTROLLER on the
dimension ownership, #(23) = 3.102, p = .005, d = .633, as well as on
the dimension change #(23) = 4.518, p < .001, d = .922. The standard
controllers had an ownership score of 2.87 (SD = 1.27), a change
score of 2.77 (SD = 1.71) and an agency score of 5.20 (SD = 1.15).
PumpVR had an ownership score of 3.71 (SD = 1.66), a change score
of 3.87 (SD = 1.81) and an agency score of 5.62 (SD = .96). Figure 8
depicts the mean scores of the embodiment subscales.

5.2.3  Perceived fitness and exertion. There was an effect of Con-
TROLLER on self-perceived fitness, #(23) = 5.755, p < .001, d = 1.175,
with the scores of 8.17 for the standard controllers (SD = 2.43) and
5.17 for PumpVR (SD = 3.19). Furthermore, we found a effect of
CONTROLLER on perceived exertion, #(23) = 6.417, p < .001, d = 1.310,
with the scores of 8.88 for the standard controllers (SD = 2.05) and
11.56 for PumpVR (SD = 2.14). Figure 9 shows the mean ratings of
self-perceived fitness, perceived exertion and virtual embodiment.



CHI 23, April 23-28, 2023, Hamburg, Germany

—k | 6 — dkk
€ 15
5
g g*
810 =
i g
— O
[ 2
g 5
>
0 0
Standard PumpVR Standard PumpVR
Controller Controller
Kk
6
o4
= x4
2 2
g S
s <
02 2
0 0
Standard PumpVR Standard PumpVR
Controller Controller

Figure 8: Mean questionnaire scores of virtual embodi-
ment (top left), change (top right), ownership (bottom left)
and agency (bottom right) for the standard controllers and
PumpVR. The error bars show the standard deviation. Aster-
isks indicate significant differences (**p < .01, ***p <.001).
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Figure 9: Mean scores of self-perceived fitness (left) and per-
ceived exertion (right) for the standard controllers and for
PumpVR. The error bars show the standard deviation. Aster-
isks indicate significant differences (**p < .01, ***p <.001).

5.3 Discussion

Overall, our evaluation shows that PumpVR successfully enhanced
the experience for both, rendering object weight and rendering
body weight. In line with our hypothesis, we found that PumpVR
has significant effects on realism, enjoyment, virtual embodiment,
self-perceived fitness and perceived exertion.

5.3.1 Rendering weight of virtual objects. Our analysis revealed that
users experienced the VR scene as more realistic when they used
PumpVR to grab, hold and swing virtual objects of different weights.
This demonstrates the capability of PumpVR to enhance realism in
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games, simulations or VR training. Interestingly, we found PumpVR
to enhance the perceived realism, despite previous findings showing
negative effects of latency on presence in VR [37]. This indicates
that PumpVR’s rendering speed, i.e. the delay between grasping
a virtual object and rendering the target weight, is sufficient to
increase realism. This is in line with Plaisier et al. [44] suggesting
that perceptual decision-making about the weight of an object is still
in progress at least 300 ms after lifting it. The authors point out that
even after that decision is made, new direct sensory information
could lead to re-evaluating the decision. It is possible that PumpVR’s
continuous weight change led to such re-evaluations of weight
perception rather than to intersensory discrepancy. The type of
movement performed by participants to grasp objects may have
impacted this as well. As participants grasped objects from their
backs, the first contact with the grabbed object was occluded. For
the phase when the object was already grasped yet still behind the
back, this might have led to decreased sensitivity to discrepancies
between perceived and expected weight. On the other hand, an
occluded vision implies depending more on the other senses, which
in turn suggests increased sensitivity to weight changes. Hence,
the sensitivity to visual-weight asynchronies for different ways of
picking up or releasing objects could be the subject of future work.

Our results showed that PumpVR positively affected the enjoy-
ment ratings, indicating, that users had more fun using PumpVR
for object interaction than with standard controllers. This demon-
strates, that rendering weight through PumpVR can enhance the
experience in games, despite players having to exert more physical
effort due to the increased weight. In the experiment, players were
between 20 and 27 years and played the game for 5 minutes per
condition. Due to the increased physical effort, outcomes regard-
ing enjoyment could vary for other age groups or if playing for a
longer period of time. In addition, it cannot be disregarded, that
we only examined stationary experiences. Our outcomes regarding
enjoyment and realism could vary for larger room-scale setups, as
we have not yet tested using PumpVR mobile.

Even though we found that users enjoyed interacting with ob-
jects in games more when using PumpVR, there may be use cases
in which perceiving static weight during object interaction is pre-
ferred. For instance, the reception to perceiving the weight of 3D
tools in VR graphic editors (e.g., [58]) might differ from our out-
come. Future studies could investigate the acceptance of weight
perception in different contexts.

5.3.2  Simulating body weight. Regarding the embodiment scene,
we found higher levels of virtual embodiment when using PumpVR,
as compared to using standard controllers. This indicates that the
weight feedback exerted by PumpVR amplified the feeling of em-
bodying the bulky avatar. PumpVR positively affected the VEQ’s
dimension ownership, meaning that the virtual body was more
strongly experienced as one’s own when PumpVR was used. This
points to the rendered weight being interpreted as body weight.
PumpVR also had a significant impact on the VEQ’s dimension
change, which demonstrates that PumpVR fostered the participants’
feeling of a change in their own body schema. We did not find ef-
fects on the VEQ’s dimension agency, indicating that PumpVR did
not restrict the feeling of control over the own body movements.
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To perceive body weight, participants received two kind of feed-
back, active feedback during the transformation (i.e. continuously
increasing weight) and the passive feedback of the added weight.
The relative contributions of those feedback types to the effect on
embodiment needs further investigation.

Mean perceived exertion scores for the activity in Task 3 corre-
sponded to "very light" (standard controllers) and "light" (PumpVR).
This generally low exertion was to be expected considering the
short duration of the three trials of 30 seconds each. Nevertheless,
when embodying the bulky avatar, using PumpVR significantly in-
creased the perceived exertion and decreased self-perceived fitness
ratings. This shows that the additional weight was noticeable and
resulted in more exertion. The negative effect on self-perceived
fitness suggests that participants attributed this additional weight
to their own fitness being reduced, rather than to the extra weight
they had to lift. These findings combined with PumpVR’s impact
on virtual embodiment indicate, that the participants associated
the weight rendered by PumpVR with the increased body fat of the
embodied avatar. This is in line with neuroscientific findings that
perceived body weight can be altered by experimentally exerting
forces in the direction of gravity [12]. Our findings can be explained
with the unity assumption, according to which the human brain
interprets two different sensory signals as originating from the
same multisensory event [62]. PumpVR therefore contributes to re-
search on bodily illusions and demonstrates exerting weight forces
as promising approach to simulate body weight in VR.

6 USE CASES

We identified a variety of application scenarios for PumpVR. The
most evident use case is that of rendering the weight of virtual ob-
jects in VR applications. PumpVR could thus be applied to perceive
the weight of different game items, construction tools, or sports
equipment, such as bats or clubs. This could be used to acquire psy-
chomotor skills in VR training [21], enhance the experience in VR
games, or to make objects in simulations tangible. Besides, PumpVR
can simulate body weight during avatar embodiment. This could
enhance the sensation of owning an overweight body in the context
of body-image-related research and therapy. In VR games, the body
weight of different player characters could be simulated. A further
use case for PumpVR is its employment in fitness applications and
exergames. As demonstrated, PumpVR can enhance effort during
physical tasks. Hence, it could be used to add challenges during
exergames [19], aiming to help users to reach their fitness goals.
Furthermore, we envision multiple other applications for PumpVR
in the context of VR games. First of all, it could be used to dynami-
cally adjust the difficulty in games [16, 20], to, for example, handicap
players who have an unintended advantage due to having high en-
durance. Varying weight levels may be used to equalize the effort
of players of different fitness levels. Moreover, PumpVR could be
utilized for other game mechanics, such as indicating loss of health
points or stamina. These attributes, usually showing that the player
character takes damage, could be made physically perceptible by
increasing the weight and thus the exertion. Targeting a single
controller might be a method to display localized damage. Weight
could, for example, be transferred to the right controller to indicate
a right shoulder fracture of the player character. PumpVR’s weight

CHI 23, April 23-28, 2023, Hamburg, Germany

adjustment could also be used to display different armor classes or
to represent individual attributes of the selected player character,
such as strength, constitution or agility.

7 CONCLUSION

In this paper, we presented PumpVR, a system that adjusts the abso-
lute weight of two handheld controllers according to the properties
of objects or avatars in VR. To generate distinct weight sensations,
the device utilizes a bi-directional pump and a set of solenoid valves
to transfer water in or out of the controllers. It is capable of pumping
up to 500 g at an average rate of 150.8 g/s into each controller.

A study comparing PumpVR with a standard controller demon-
strated that PumpVR increased the perceived realism and enjoy-
ment when interacting with virtual objects of different weights.
Thus, PumpVR could be used to improve game experiences, to en-
able a more natural depiction of real-world tasks in VR training
or simulations. The study also showed that PumpVR successfully
simulated body weight, which is a novelty in the development of
weight interfaces. These findings also confirm that extra weight
affects the feeling of embodying a bulky avatar. Our work there-
fore contributes to the progression of embodied VR experiences
that support therapies treating body image disorders. In addition,
PumpVR was found to affect perceived fitness and exertion, which
suggests further use cases in the context of fitness applications.

In the next steps, the system could be extended with additional
water reservoirs and valves to render different centers of mass.
With consideration of safety and toxicity factors, as well as of
viscosity, future systems could also explore reducing the volume
of the controllers by using liquids denser than water. In terms of
body weight simulation, effects of extra weight on additional body
parts could be studied. In addition, it could be investigated whether
using PumpVR to exert weight on users’ feet affects their perception
of different ground properties in VR. Finally, incorporating tactile
feedback could be explored by attaching PumpVR’s controllers to
the forearms and interacting through haptic gloves.
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