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Figure 1: (a) Virtual pistol model, (b) generated Rubik’s Twist shape, (c) real object, and (d) the physical haptic proxy, (e - h)
Examples of HapTwist-generated interactive VR haptic proxies, left to right: machine gun, steering wheel, ping-pong paddle,
and fishing rod.

Abstract
In this paper, we present a series of studies on using Ru-

bik’s Twist, a type of low-cost twistable artefact, to create
haptic proxies for various hand-graspable VR objects. Our
pilot studies validated the feasibility and effectiveness of
Rubik’s-Twist-based haptic proxies. The pilot results also
revealed user challenges in the physical shape creation, moti-
vating the development of the HapTwist toolkit. The toolkit
consists of the shape-generation algorithm, the software
interface for shape-construction guidance and interaction
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authoring, and the hardware modules for constructing inter-
active haptic proxies. The user studies showed that HapTwist
was easy to learn and use, and it significantly improved user
performance in creating interactive haptic proxies with Ru-
bik’s Twist. Furthermore, HapTwist-generated haptic proxies
achieved similar VR experience as the real objects.
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1 Introduction
In recent years, virtual reality (VR) has been gaining an in-

creasing amount of attention in the consumer market. How-
ever, it remains challenging to use current vibration-based
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VR controllers to simulate realistic hand-grasping interac-
tion, which often involves different combinations of thumbs,
fingers, and palms [13]. This limitation prevents the effective
representation of stereognostic information (i.e. the shape,
size, and weight) of virtual objects. Researchers have spent
a significant amount of time and effort in designing vari-
ous types of haptic instruments for VR, such as handheld
deformable controllers [50], exoskeletons [5, 8–10, 36], wear-
able electric stimulation [49], and grounded/ungrounded
shape-changing surfaces [1, 4]. These haptic devices are usu-
ally considered as active haptics (AH), with high responsive
speed and controllability. However, AH were often bulky,
heavy, time- and money-consuming to set up, and are lim-
ited in expressiveness for providing the details of shapes.
In addition, most existing AH handheld controllers (except
[22]) only support single-hand/finger stimulation with the
restriction of hand postures. On the other hand, researchers
have investigated using physical objects as haptic proxies,
which is also known as passive haptics (PH). Compared to
AH, low-fidelity PH are relatively cheaper to produce, either
by manual prototyping or digital fabrication (e.g., 3D print-
ing). Moreover, a physical proxy can provide natural and
real kinesthetic feedback for free-hand grasping. However,
PH were limited by scalability and reusability [42]. It is usu-
ally slow to assemble or fabricate the 3D models for each
VR experience. It can also be costly and tedious for users
to prepare a large set of physical objects for each virtual
experience. More recently, shape-changing interfaces were
adopted as a type of passive haptic proxy [33]. However, the
need of users’ in-VR shape manipulation may require careful
design of the VR scenario and storyline.

In this paper, we present HapTwist, a toolkit that facilitates
the creation of interactive haptic proxies for hand-graspable
VR objects. The toolkit leverages Rubik’s Twist (RT, also
known as Rubik’s Snake [14]), a type of low-cost twistable
artefact. With HapTwist, we aim to address the complexity
and the cost of AH, and the low reusability and the limited
interactivity of PH. Prior to the development of HapTwist,
we investigated the feasibility of using RTs for passive VR
haptics. The results showed that RTs could be shaped to form
haptic proxies covering a wide range of hand-grasp postures.
The RT-based haptic proxies offered significantly better VR
experience than existing commercial VR controllers. On the
other hand, users found it challenging to construct the RT-
based proxies from scratch by themselves, and it was lack of
active interactivity in the constructed proxies, motivating us
to develop HapTwist.
The HapTwist software can generate RT-based shapes

based on the 3D models, and provide guidance for physical
construction. Different from existing passive haptic prox-
ies, HapTwist software allows users to annotate the inter-
active input/output (I/O) modules in the generated shape,

and export the scripting scaffolds for the annotated inter-
active modules. We developed a variety of I/O hardware
modules, including push buttons, triggers, vibrators, fans,
and thermal-electric heater/coolers. These modules support
easy assembly and disassembly on the physical RT-based
shapes. Based on our empirical tests, the smallest object that
can be made by the current toolkit using one single RT (12-
piece) is a lighter (H2.5xW2xD0.8”), and the largest object
that can be made with single RT (108-piece) is the 2D replica
of a fire extinguisher (H20xW10.6xD5.2”). Larger objects can
be made by combining more RTs. While our current system
could mainly generate 2D shapes, our studies showed it was
sufficient to use 2D construction to represent a wide range of
hand-graspable objects in VR. Our user studies also showed
that users perceived the HapTwist toolkit as easy to learn
and use. Further, it significantly improved user performance
in creating haptic proxies, and the HapTwist-generated in-
teractive proxies can achieve comparable haptic experience
in VR to the real objects.

This paper makes the following contributions:
• Empirical study with insights into the feasibility of
using RT as haptic proxy for VR.
• The HapTwist toolkit that provides intuitive software
interface and hardware components to facilitate the
creation of interactive haptic proxies for VR.
• User study of theHapTwist toolkit validating its overall
effectiveness and support on haptic proxy creation.

2 Related Works & Background
HapTwist is highly inspired by existing research on VR

haptics. In this section, we will discuss existing active and
passive haptic devices for hand-grasp interaction in VR. We
will also review the existing research in applying deformable
user interfaces for VR haptics.
Active & Passive Haptics for VR
Existing VR haptic interfaces can be categorized as two

types: active (AH) or passive (PH). AH usually involve fine-
controlled mechanical and electrical systems. They are usu-
ally heavy and bulky to set up, and place constraints on user
movements. Recent research efforts have also attempted to
design new types of VR handheld controllers with built-
in haptic actuators. Provancher [37] introduced Reactive
Grip, a VR controller that simulates in-palm friction and tor-
sional forces using sliding contactors in the device’s handle.
Zenner and Kruger [50] developed Shifty, an ungrounded
weight-shifting VR controller that adjusts the internal weight
distribution with a linear stepper actuator. Benko et al. [4]
designedNormalTouch and TextureTouch, two types of track-
able handheld controllers with tiltable planes and actuated
pin matrixes. These controllers can haptically render object
surfaces and textures on a user’s fingertips. More recently,
Lo et al. [31] developed RollingStone, using a single slip
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tactile actuator on VR controllers to produce sensations of
finger sliding and textures. Teng et al. [45] developed PuPop,
a light-weight pneumatic shape-proxy interface worn on
the palm to simulate the predefined primitive shapes for
grasping in VR. Whitmire et al. [47] developed Haptic Re-
solver, a handheld controller with a rotary wheel that raises
and lowers below the user’s finger. The rotary wheel can
be attached with different surface textures and input com-
ponents (e.g., buttons) to simulate interaction with various
VR surfaces. Holz et al. [22] designed Haptic Links, a set of
electro-mechanical connections for rendering the stiffness
between two HTC Vive handheld controllers to simulate
bimanual object interaction in VR. Heo et al. [18] designed
a handheld force feedback device called Thor’s Hammer,
which generates 3-DOF VR force feedback using propeller
propulsion. With a similar form factor to commodity VR
handheld controllers, these new controllers often restricted a
user’s hand posture during use. Thus, they placed constraint
on free-hand grasping interaction with the virtual object,
only providing localized feedback on a single finger or sin-
gle hand. While Haptic Links supports bimanual interaction,
it is still heavy and bulky, resulting in lower comfort than
commercial controllers.

In contrast to AH, PH aim at using existing physical objects
to provide haptic feedback [20]. Low-fidelity proxy objects
are typically cheap to produce, by either manual prototyping
or using digital fabrication (e.g., 3D printing and laser cut-
ting). Passive haptics have been used for medical volumetric
data visualization [27], 3D modeling [41], interacting with
user interface elements [30], and, at a larger scale, represent-
ing entire rooms or spaces [24]. Through visual warping,
a single physical proxy can be used to represent multiple
virtual objects of the same type [3]. Recently, researchers
have designed a machine-learning-based approach for the
design and fabrication of haptic proxies to stimulate the il-
lusion of shape and weight in VR [16]. Some researchers
have leveraged other users to reposition and assemble large-
scale haptic proxies [7]. Hettiarachchi andWigdor developed
Annexing Reality [19], a design platform to select the best
haptic matches from the user’s current environment for vir-
tual objects. While physical 3D props demonstrate benefits
in VR by reducing the cost and the complexity of the hap-
tic devices, research also points the drawback of requiring
specific physical objects for visually different virtual objects
[42]. It could be challenging to find a physical prop from any
given space that is identical/similar to a virtual object. Fur-
ther, due to low reusability, it is costly and slow to fabricate
(e.g., 3D print) 3D models for each virtual experience. It is
also unrealistic to require a user to purchase a large set of
props for each virtual experience.
The HapTwist toolkit leverages the low-cost advantage

of PH and enhances the expressiveness and the reusability

of haptic proxies by using a daily twistable artefact, Rubik’s
Twist, which can be shaped and assembled to represent dif-
ferent objects. A shaped Rubik’s Twist can be disassembled
and reused for new virtual scenarios. In addition, the gener-
ated haptic proxies support active I/O without any constraint
on a user’s hand postures.
Deformable Interface for VR Haptics
Many researches [38] have shown the benefits of shape-

changing/deformable interfaces through the addition of tac-
tile feedback to digital contents. A linear-actuator matrix
form factor has been widely adopted in tabletop devices
[15], wrist-worn devices [23], and handheld devices [28],
for haptically representing digital information. However,
these actuated deformable interfaces could suffer from simi-
lar weaknesses to those of active haptics (e.g., being bulky
and not hand-graspable). Incorporating the advantages of
robotic network, Zhao et al. [51] developed a set of block-
type swarm robots to assemble physical handheld proxies for
VR. While the self-assembly robot network could assemble
and be reused for various low-fidelity haptic proxies, it might
suffer from low accuracy and speed.

Aguerreche [2] designed general toolkits with stick-shaped
modular props allowing assembly and disassembly of hap-
tic representations for VR objects. Mueller et al. [35] devel-
oped faBrickation to generated construction instructions for
replicating virtual models using Lego. However, it could be
challenging and time-consuming to piece-by-piece build the
shapes for complicated 3D models [43]. Recently, McClel-
land et al. [33] explored foldable paper-like devices as passive
haptic proxies in VR. Their device with embedded folding
sensors detected the shape of the device and summoned the
3D object with similar shape. Cheng et al. [6] developed
iTurk, leveraging a large foldable object to represent cabi-
nets, seats, and suitcases, etc. While these systems allowed
and guided users to manually change the shapes of the prox-
ies in VR, this feature potentially required careful design of
in-VR interaction flows and storylines to reasonably guide
user actions.

To facilitate the construction of shape-changing-interface-
based haptic proxies, our HapTwist toolkit generates shaping
and assembly instructions based on 3D geometric analysis.
User studies showed that the generated instructions and scaf-
folds support the haptic representation of a comprehensive
set of hand-grasp VR objects, with significantly improved
efficiency of creating interactive VR haptic proxies.
3 Daily Deformable Objects/Materials: Why

Rubik’s Twist?
To understand the capabilities and limitations of daily de-

formable artefacts, we conducted a thorough survey, includ-
ing literatures on common deformable objects and materials,
and HCI-related studies on flexible/deformable interfaces
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Figure 2: (a) Rubik’s Twist (RT) and sample shapes, (b) The
dimension of the prism element in RT.

[21, 25, 26, 29, 38] and mechanical assemblies [40, 46]. As the
result, we divided deformable artefacts/materials into three
main categories: flexible materials, modular assemblies, and
twistable joints. The category of flexible materials (e.g., paper,
clay, cloth, etc.) represents raw materials that can be mal-
leable and/or ductile in a normal room condition (i.e. 24◦C).
Modular assemblies include the sets of unified modular parts
that can be assembled into large structures, such as LEGO,
slot-together pieces, etc. Lastly, the category of twistable
joints covers artefacts that consist of multiple unified parts
that are interlocked into a whole with twistable/bendable
joints. One example is the Rubik’s Twist (RT, as shown Fig.
2a), in which multiple prisms (Fig. 2b) are connected, so they
can be twisted to form complex shapes but not separated.

According to existing taxonomies on shape-changing arte-
facts [29], we compared these categories in terms of the
ease of shaping (i.e. granularity), the strength of holding
the shapes (i.e. stiffness), and the reusability. While flexi-
ble materials could be easily shaped (e.g., folded/molded),
the process of creating complex shapes with these materials
could be challenging, with the requirement of advanced craft-
ing skills, such as origami. Rubber and cloth are also flexible
materials, but it is difficult to maintain their shape without
external force support. Using modular assemblies, 3D shapes
can be “voxelized” into small unified pieces, and the lock-
ing structures can hold the assembled shapes. However, the
assembly and disassembly processes could be tedious for a
large number of modular pieces. Lastly, the manipulation of
a twistable-joint structure can usually be formatted, which
supports algorithmic design. Their plastic stiffness allows
better learning and keeping of shape, and the large number
of twistable joints supports expressiveness [29]. In addition,
it takes less steps/time than the modular assemblies to form
3D shapes and reset. Therefore, we chose RT as the primitive
component for the creation of VR haptic proxies.
4 Pilot Studies: Rubik’s Twists as VR Haptic Proxies

Prior to the development of the HapTwist toolkit, we con-
ducted two pilot studies to validate the effectiveness of using
RT for VR haptic proxies. Specifically, we focused on the
following questions:
• Can users employ RT to create physical shapes that
represents virtual hand-graspable objects?

• Can the RT-based physical shapes be effectively used
as haptic proxies for hand-graspable objects in VR?

The large variety of available hand-graspable VR objects
placed challenges in studying how expressive and capable
RT is for creating haptic proxies in VR. Therefore, we first
classified and selected the representative virtual objects for
our study, based on existing hand-grasp taxonomies.
Selection of Virtual Hand-Graspable Objects
The interaction with real-world objects is highly related

to the hand-grasping postures. Existing taxonomies for real-
world grasping postures [13, 32] usually categorized a grasp
by its need for precision or power, with various combina-
tions of palm, thumb, and other fingers. The grasp types also
indicate the sizes and the weights of the objects. Precision
grasp is often applied to small objects/handles and usually
involves only thumb and other fingers, while lager objects
often require power grasp involving the palm. As the size
of the graspable object increases, the palm changes from a
closed state to an opened state. While existing hand-grasp
taxonomies have mostly focused on single-hand grasping
postures, there are many situations in real life and VR that
involve bimanual grasping [22]. Therefore, we included the
number of used hands into the consideration, as shown in
Fig. 3, besides the need for precision or power, and the usage
of palm, thumb, and other fingers.

To cover the common hand-grasp postures in VR as much
as possible, we selected four objects: a mug - single-handed
precision grasp; a pistol - single-handed power grasp with
closed palm; a mobile phone - single-handed power grasp
with opened palm; and a machine gun - bimanual power
grasp. Fig. 4 shows the 3D models of these four objects and
their real-life dimensions.
Pilot Study 1: Using RT to Physicalize Virtual Objects
In the first pilot study, we investigated the feasibility of

using RT to physically replicate the virtual objects. We also
aimed to understand any challenges users may encounter
and the user-perceived enjoyment during this process.
Participants There were twelve participants (six female and
six male) recruited from diverse backgrounds (six computer
science students, three VR designers, and three interface
designers). The average age was 24.6 years old (SD = 2.16).
In the pre-study questionnaire, two participants rated their
3D-modeling skills as expert level, four as intermediate, five
as beginners, and one had never tried 3D-modeling before.
In addition, all participants had experienced HMD-based VR
before. For skill with RT, three participants rated themselves
as intermediate level, four as beginners, and five had never
played with RT before.
Apparatus and Instruments Fig. 5 shows the setup of the study
environment. In each session, the participant was provided
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Figure 4: Selected virtual objects for the experiments and their dimensions, left to right: mug, mobile phone, pistol, and ma-
chine gun.

Figure 3: Taxonomy for hand-grasp postures/objects in VR.

Figure 5: Setup of Pilot Study 1.

with a set of standard RTs with different numbers of triangu-
lar prisms (one 108-piece, four 24-piece, and four 12-piece).
The RTs were painted in black to avoid any color bias.

The 3D models were shown in a 20-inch monitor, and the
participant could freely change the viewing angle with the
mouse. Furthermore, we provided the paper-printed 2D side
views of the models in their real-world scales. The post ques-
tionnaire contained items related the ease and the enjoyment
of shape creation, and the perceived workload based on the
NASA TLX questionnaire [17], on a 7-point Likert scale.
Task and Procedure Each session included one participant
and one moderator. After finishing the pre-questionnaire,
the participant was introduced to the RTs and played with

Figure 6: Results of post questionnaire in Pilot Study 1. ***:
p < 0.0005

them freely for fiveminutes as warm-up. Themoderator then
showed one 3D model on the screen and the corresponding
paper print-out. The participant was asked to create three
physical replications of the shown model using the provided
RTs. After shape creation, participants needed to choose the
physical creation that they thought was best match with the
3D model, finish a post questionnaire, and then proceeded to
the next 3D model. The four 3D models (mug, mobile phone,
pistol, and machine gun) were shown in a Latin-square coun-
terbalanced order. We interviewed the participants about
their experience and challenges encountered after making
all the models. The time spent on each shape creation was
logged, and the whole process was video recorded with the
agreement of each participant.
ResultsAveragely, it took 11.8 minutes (SD = 1.2) for the
participant to create a RT-based physical shape. Participants
could successfully use single RT to create the physical shapes
of the mug, the mobile phone, and the pistol, but not the
machine gun due to its large size. We statistically compared
the time spent for shape creation and the ratings for post
questionnaire for the four 3D models. One-way ANOVA
showed that the type of the 3D models significantly affected
the time spent on the shape creation (F(3, 44) = 7.165, p <
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Figure 7: Results of average time spent (in 100s) and
participant-perceived workload indicated by NASA TLX in
Pilot Study 1. *: p < 0.05, **: p < 0.005

0.005, η2 = 0.328). For the questionnaire results, Friedman
Test showed the type of the 3D model significantly affected
the perceived ease (χ 2(3) = 12.78, p < 0.005), physical demand
(χ 2(3) = 17.83, p < 0.005), and effort (χ 2(3) = 12.1, p < 0.05) of
the physical shape creation. There was no significant differ-
ence on the enjoyment rating among the four models. Fig. 6
illustrates the descriptive results on the post-questionnaire
ratings related to the user experience on creating RT-based
shapes, and Fig. 7 shows the average time spent and the per-
ceived workload on shape creation. (The results of post-hoc
pairwise comparison are indicated by *).
Generally, users found it joyful to create physical shapes

of the selected 3D models using RTs (5.7/7, SD = 0.89). Fig. 8
shows the examples of the favored physical shapes created by
the participants according to the virtual models. Most of the
time, the participants created 2D physical shapes to represent
the virtual models, with only 7 out of 144 created shapes
being 3D. On the other hand, the post-session interview
revealed that using RT could be time-consuming (from 6 to
20 minutes) and challenging for non-experienced users to
create the physical shapes. Many participants commented
that the most challenging part was to figure out where and
how to start, and they spent most of the time on fitting the
virtual models by “trial and error".
Pilot Study 2: Using the Rubik’s-Twist-based Physical
Shapes as VR Haptic Proxies

In the second pilot study, we investigated the effectiveness
of the user-created RT-based physical shapes as the haptic
proxies in VR. We compared the user-perceived sense of
presence in VR using three types of proxies: real objects, RT-
based physical shapes, and existing VR handheld controllers.
The same group of participants was invited to the second
pilot study two weeks after the first pilot study. As psycho-
logical research has shown that the persistence of human
memory significantly declines after two weeks [11], we can

Figure 8: Examples ofRubik’s-Twist-based shapes created by
the participants in pilot study 1.

Figure 9: Setup of Pilot Study 2.

assume that the participants could not well remember the
RT-based shapes they created in the first pilot study.
Apparatus Fig. 9 shows the setup of the study environment.
We developed a virtual-world prototype using Unity3D 2017.
The prototype used HTC Vive HMD, a pair of Vive handheld
controllers, and two Vive trackers, in combination with an
overhead Microsoft Kinect v2.0. The Kinect camera was used
to capture the geometry and the appearance of the user’s
body. The system displayed realistic 3D views of the user’s
own body using the depth and color camera images. The Vive
trackers were attached to the real objects and the RT-based
shapes, communicating the tracking results to the virtual
world for graphical rendering.

There were three modes of object manipulation: 1) using
the real objects, 2) using the RT-based shapes, and 3) using
the Vive controllers. For the RT-based shapes, the partici-
pants were given the shapes that they created and chose as
the best match with the VR models in the first pilot study.
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Figure 10: Participants’ questionnaire ratings on the haptic
experience in VR in Pilot Study 2. *: p < 0.05, **: p < 0.005.

Task and Procedure Similar to the first pilot study, each ses-
sion included one participant and one moderator. The mod-
erator first taught the participant how to use HTC Vive
controllers. The participant then went through three sub-
sessions of VR interaction representing the three modes of
object manipulation. In each sub-session, he/she could freely
interact with the virtual objects by picking up, touching,
moving, and rotating the objects. The virtual objects were
shown one by one in a random order. The participant could
spend as much time as they wanted with each object, and
informed the moderator when he/she wanted to change.
After interacting with all four objects, the participants re-
sponded to the haptic-related questions from the presence
questionnaire [48], and moved to the next mode. The visual
and auditory feedback was the same across the three modes,
and the three modes was presented in a Latin-square-based
counterbalanced order.
Results Friedman Test showed the type of the control mode
significantly affected the perceived consistency of VR and
real world (χ 2(2) = 9.8, p < 0.05), capabilities of touch-based
interaction (χ 2(2) = 6.82, p < 0.05), ease of object identifica-
tion through touch (χ 2(2) = 19.6, p < 0.005), and consistency
of the multisensory information in VR (χ 2(2) = 9.95, p < 0.05).
Fig. 10 shows the descriptive results, along with the results
of post-hoc pairwise comparison, of user ratings on sense of
presence related to haptics in VR.
5 Discussion on Pilot Studies

When being used as VR haptic proxies, the RT-based phys-
ical shapes provided significantly better sense of presence
for various VR hand-graspable objects over commercial VR
controllers. This suggested the feasibility of using RTs for
the creation of VR haptic proxies. On the other hand, the
first pilot study revealed the difficulties users may encounter
during the creation of RT-based shapes. The participants
also commented that while the physical shapes provided a

realistic haptic sensation, they lacked interactivity (e.g., trig-
gering), especially for active VR objects, such as guns. These
results of the two pilot studies suggested a need for guidance
and scaffolding for physical shape creation and interactivity
annotation for RT-based VR haptic proxies.
6 HapTwist Toolkit
To overcome some of the limitations mentioned above

and facilitate the creation of RT-based VR haptic proxies, we
developed HapTwist. The toolkit runs on Unity3D 2017.1.1f1
and HTC Vive. It consists of an algorithm (Fig. 11f) that gen-
erates RT-based structures, and a set of software scaffoldings
(Fig. 11a - c) and hardware modules (Fig. 11d, e, g - j) to
support the interactivity of haptic proxies.
Software
We designed an algorithm for generating the RT shapes

based on the geometric structures of the 3D models. As the
preprocessing step, we assumed that the 3D model was de-
signed with the real-world dimensions, and the bounding
box of the 3D model was obtained. As shown in Fig. 10f,
the algorithm first voxelized the 3D model in the form of
6-connected voxel collections with 128×128×128 resolution
using a standard ray-triangle intersection calculation [34].
The model’s 3D skeleton was attained based on the voxel
collection according the shape of the central cross section of
the 3D model. The voxelized structure was then segmented
based on the skeleton tree [39]. With the skeleton tree and
the segmented voxel collection, the algorithm started the
repetitive calculation of proper placements of the 3D prisms,
which are the basic elements of the Rubik’s Twist. We de-
fined the dimension of the 3D prism as W1.22*H0.61*D0.94
inches (Fig. 2b). The placement process started from the end
node in the skeleton farthest from the current camera view.
The first prism was placed at the position of this node, and
oriented towards the first neighboring node of the starting
node in the skeleton.
With the results of the preprocessing step, we parame-

terized the to-generate prism’s coverage of the voxels, and
adopted a recursive algorithm, as elaborated in Fig. 13, to
place the rest of the triangular prisms in the RT-based shape.
For the placement of the next prism, the RT rule allows for
four types of rotations and translations of the prism, denoted
as Ppossible = {p0,p45,p90,p135}, as shown in Fig. 12. The
numbers indicate the rotation angle of the to-generate prism
relative to the current prism. The placement of the next prism
was determined by the placement score for each possible
placement. As shown in Fig. 13, the placement score was
calculated by the hyperbolic-paraboloid combination of the
number of covered voxels and “ray-cast" hit voxels, to made
the difference among different placement more observable,
compared to the linear combination. The current algorithm
stops when all voxels are covered. The algorithm will first
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Figure 11: System Diagram of HapTwist: (a) 3D model rendering in Unity3D, (b) Graphical user interface (GUI) for shape
generation and data export, (c) GUI for I/O settings on individual prism, (d) Rubik’s Twists (one 108-piece, two 24-piece, and
two 12-piece), (e) Connection slots for Rubik’s-Twist Assembly, (f) Algorithmic pipeline for shape generation, (g) Vive tracker,
(h) tracker mount with POGO pin connections, (i) Input modules: push buttons and trigger, (j) Output modules, left to right:
dual vibrators, single vibrator, fan, thermo-electric (TEC) module, power supply for fan and TEC module.

Figure 12: Possible arrangement of position and rotation be-
tween two Rubik’s-Twist prisms.

use the shortest RT (i.e. standard 12-piece), then the longer
ones, in order to minimize the number of the extra pieces.
We implemented the algorithm as a Unity plug-in with

the feature of importing 3D models. Fig. 10 b &c show the
key graphical-user-interface elements of the plug-in, sup-
porting the generation of RT-based shape, the data/script
export, and the configuration of interactivity. As the gener-
ated shape may involve the assembly of multiple RTs, the
plug-in computes the number and the types of RTs needed
and highlights each RT in a different color. The plug-in also
labels the prisms with number IDs to assist the identification
of the twisted positions in the real objects. Fig. 14 shows
the examples of RT-based shapes generated by the HapTwist
software for various 3D models.

The plug-in also allows the user to indicate the placement
of the Vive tracker and the hardware I/O components on
the generated shape. Furthermore, the plug-in generates a
C#-based scripting template for integrating the haptic proxy
with the user’s VR project. Please refer to the supplementary
video for a demonstration of the software interface.
Hardware
HapTwist hardware modules include a set of RTs Twists

with different numbers of triangular prisms (Fig. 11d), Vive
trackers (Fig. 11g) with 3D-printed mounting structures (Fig.

Figure 13: Pseudo code of RT-based shape generation.
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Figure 14: Examples of algorithm results.

11h), and a list of input components (Fig. 11i, e.g., push but-
tons, switches, and triggers) and output components (Fig.
11j, e.g., flat vibrators, fans, and thermo-electric elements).

The strength of the RT-based construction may reduce as
the length increases, because the lever distance increases.
In the current toolkit, we designed a set of connection slots
(Fig. 11e) , allowing users to firmly concatenate multiple RTs.
We also provided Velcro tapes for the participants to fasten
the RT parts when needed.
Upon finishing the physical shape construction, the user

can fix the tracker on the shape by fastening the screw in
the mounting structure. The tracker-mounting structures
provide female-style output connection and male-style input
connection for the POGO pins in the Vive trackers, allowing
easy connection to the I/O components. Fig. 15 shows the
examples of HapTwist-generated haptic proxies.
7 Toolkit Evaluation
We evaluated the effectiveness of using the HapTwist-

generated shapes as VR haptic proxies and the usability of
the toolkit for creating interactive VR haptic proxies. We
were interested in the following hypotheses:

H1: While being used as VR haptic proxies, the HapTwist-
generated shapes can provide the sense of presence on hap-
tics (i.e., user’s perceived consistency of VR and real world,
capability of touch-based interaction, ease of object identi-
fication via touching, and consistency of the multisensory
information in VR) with no significant difference from the
real objects.

H2: HapTwist can significantly improve user performance
(e.g., time spent) on creating RT-based VR haptic proxies,
compared to the situation without HapTwist.

H3: HapTwist can significantly improve user experience
(e.g., perceived workload, ease, and enjoyment) on creat-
ing RT-based VR haptic proxies, compared to the situation
without HapTwist.
Participants

Twelve participants, with an average age of 24.4 years old
(SD = 2.93), were invited. To avoid potential bias in users’

Figure 15: HapTwist-generated Proxies and their real-object
counter parts.
subjective ratings, we adopted the following strategies as
suggested in [12]: 1) all these participants didn’t attend the
pilot studies, but with similar experience on RT and VR as
the pilot-study participants; 2) the study facilitator was from
the same ethnic group as the participants; 3) the facilitator
didn’t know the participants in person beforehand, and didn’t
explicitly disclose any personal association with the toolkit.
Seven participants had previous experience with HMD-

based VR, while the rest had never tried but saw others
playing VR and HMD before. Ten participants indicated that
they had never used RT before, while all of them reported
previous experience on 3D content creation (e.g. games and
animations).
Apparatus
To study the effectiveness of the generated shapes as VR

haptic proxies, we prepared a set of RT-based proxies gen-
erated by HapTwist and the real objects for the four virtual
objects used in our pilot studies. Both types of physical prox-
ies were equipped with Vive trackers and hardware trig-
gers/buttons.

To investigate the usability of HapTwist, we provided each
participant a complete set of theHapTwist toolkit: Unity plug-
in, four RTs of different lengths, Vive trackers, hardware
I/O modules, connection slots, and the HTC Vive HMD. The
virtual-world prototype was used as the sample Unity project
for integrating the HapTwist-generated proxies. In addition,
the participants were given a printed tutorial on how to use
HapTwist step by step. The tutorial used the 3D model of a
pair of pliers as the example.
Task and Procedure
Each session included one participant and one facilitator.

The participant needed to complete two activities: 1) experi-
ence the HapTwist-generated shapes and the real objects as

CHI 2019 Paper  CHI 2019, May 4–9, 2019, Glasgow, Scotland, UK

Paper 693 Page 9



VR haptic proxies, and 2) use HapTwist to create interactive
VR haptic proxies.

All the apparatuses were hidden from the participant’s
sight before the activities to avoid any bias. In the first ac-
tivity, the participant went through two sub-sessions of VR
interaction representing two modes of object manipulation
using: 1) the HapTwist-generated proxies and 2) the real-
object proxies. Similar to our pilot study, he/she could freely
interact with the virtual objects. The virtual objects were
shown one by one in a random order. After interacting with
each object, the participants took off the HMD, rated the
haptic-related questions from the presence questionnaire
[48], and moved to the next object. The visual and auditory
feedback was the same across the two modes, and the two
modes of haptic proxies were presented in a Latin-square-
based counterbalanced order.
In the second activity, the participant first followed the

step-by-step tutorial to create the interactive haptic proxy
for a pair of pliers. He/she then continued to use HapTwist to
create the haptic proxies for the four selected virtual objects,
and integrated the proxies into the sample VR project. This
was assigned in counterbalanced order based on Latin Square.
After the second activity, the participant rated their perceived
ease and joy of haptic-proxy creation, and NASA-TLX-based
workload, in a 7-likert scale.
Results
H1: HapTwist-Generated Shapes as VR Haptic ProxiesMann-
Whitney U Test showed that for all four virtual objects,
there was no significant difference between using HapTwist-
generated shapes and the real objects in terms of the partici-
pants’ responses to the haptic-related questions in the pres-
ence questionnaire. The effect sizes, r, for all haptic-related
questions were smaller than 0.1. This indicated the difference
between HapTwist-generated proxies and real-world objects
was trivial in terms of users’ responses to the haptic-related
questions, further validating H1.
H2 & H3: Using HapTwist to Create Haptic Proxies The partic-
ipants generally rated that it was easy to follow the provided
tutorial and learn to use the toolkit (6.0/7, SD = 0.90), use
the toolkit to generate the shape of RTs (5.9/7, SD = 0.91),
follow the software outcomes to create the RT-based physical
shapes (5.7/7, SD = 1.07), and integrate the physical RT-based
shapes as the haptic proxies to the VR scenario (5.6/7, SD
= 1.09). In addition, they found it joyful to use the toolkit
(6.2/7, SD = 0.86), and the satisfaction on the toolkit outcome
averagely scored 5.8/7 (SD = 1.01).

Fig. 16 illustrates the comparison between the conditions
with and without HapTwist. To examine whether the Hap-
Twist toolkit could facilitate the process of haptic-proxy
creation, we compared the time the participants spent and
the workload on shape creation for the four virtual objects

Figure 16: Comparison between the conditions without and
with HapTwist.

with HapTwist and without HapTwist (previous study). The
independent-samples T-Test showed that in overall, Hap-
Twist significantly shortened the time spent (t(94) = -6.25,
p < 0.005). Two-way ANOVA showed an interaction effect
of the usage of the toolkit and the type of the virtual object
on the time spent on the physical shape creation (F(3, 88) =
3.39, p < 0.05, η2 = 0.104). Post-hoc pairwise comparison re-
vealed that HapTwist significantly shortened the time spent
for creating the machine-gun model (p < 0.005), the mug
model (p < 0.005), and the phone model (p < 0.005), while the
reduction in working time for the pistol model was marginal
(p = 0.052).

Mann-Whitney U Test showed HapTwist significantly re-
duced the perceived mental demand (U = 949, p < 0.05), phys-
ical demand (U = 950.5, p < 0.05), temporal demand (U = 961,
p < 0.05), and frustration (U = 896.5, p < 0.05) during the
process of RT-based shape creation. HapTwist also signifi-
cantly improved the perceived performance (U = 881.5, p <
0.05) and joy (U = 520, p < 0.005). In our pilot study on creat-
ing RT-based shapes without HapTwist, many participants
commented that “it was difficult to figure out where to start”,
“I feel a little bit rushing and short of ideas on constructing
the model”, “I feel hard to rotate as the size of model becomes
bigger”. While using HapTwist, all the participants suggested
that the software outcome was “helpful”, and that “you don’t
need to be an expert on Rubik’s Twist to make the shapes”.
8 Discussion
Reusing HapTwist-Generated Physical Shapes
While the HapTwist-generated shapes offered a similar

VR experience to the selected real objects, we were also in-
terested in the possibility of reusing the generated shapes
to haptically represent other virtual objects. In the question-
naire for after the usage of HapTwist, the participants listed
possible alternative objects as follows:
• Mug: brass knuckles, purse, vase, and teapot.
• Pistol: driller, door handle, crutch, hammer, axe, cross-
bow, and hoe.
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• Mobile Phone: mirror, remote controller, photo frame,
and cigarette box.
• Machine Gun: any long gun, sword, and guitar.

The reusability of HapTwist-generated shapes reduces
the need of creating multiple haptic proxies. One HapTwist-
generated physical shape can be used for different virtual ob-
jects under the same or different VR scenarios. For instance,
the pistol shape can represent a single-handed weapon in-
ventory, while the machine-gun shape can represent the
two-handed weapon inventory. The object switching can be
achieved with either a hardware trigger or a scenario change.
Switching among Multiple Physical Shapes

When playing with multiple HapTwist-generated shapes
in the same VR scenario, the user needs to put down the
current held object before picking up other objects. There-
fore, there is a need for a dedicated space, such as tables or
walls, to place the physical proxies. In a room-scale VR set-
ting, the proxies can be placed in different locations, and the
user needs to physically move and pick up the objects. The
user can also carry the proxies on his/her body, such as the
pistol/machine guns in holsters and axe fastened on the belt.
Although this may place extra space requirements on VR
users, it leverages the kinesthetic sensation and movements
of the users, potentially improving the VR experience [24].
Limitation

Firstly, while the Vive trackers ensured stable movement
tracking and VR rendering, five participants commented that
the size of the tracker affected the experience of touching the
virtual objects. They indicated the experience of touching
the trackers that were not rendered in VR was “a strange feel-
ing”, especially for the small objects (e.g., mobile phone and
mug). These issues may be solved as the tracking technology
advances with smaller devices. In addition, the weight of the
tracker sometimes caused difficulties on balancing the physi-
cal objects while being held. To address this problem, we will
improve our algorithm to optimize the tracker placement
according to the center mass of the object.
Secondly, it was difficult to replicate the details of some

virtual objects using RTs. The current algorithm picks the
prism pose which covers and “foresees" (ray-cast hit) the
most voxels. In the case of the machine gun, the horizon-
tal prism covers and foresees more voxels than the vertical
prism at the position of the scope, so this part of the model
was omitted. As future work, users’ annotation could be in-
volved to support the complex shape representation. Another
solution could be a neutral network for RT shape generation,
taking user-created shapes as training sets, to simulate the
shape-construction process by the users. However, it would
require a specific training set for each virtual object, which
may limit its scalability. In addition, the current algorithm
could not generate the non-flat 3D shape (e.g. mug) with

single RT, as it currently only considers the central cross sec-
tion of the 3D model. This issue could be potentially solved
by sampling the model into layers, and the volumetric shape
could be formed by assembling all the RT layers.
Lastly, while HapTwist significantly shortened the time

spent on creating interactive haptic proxies using RTs, the
time needed increases along with the size of the virtual object
(i.e. average: ~1.5 minutes for the mug model, ~2.5 minutes
for the mobile-phone model, ~3 minutes for the pistol model,
and ~8.5 minutes for the machine-gun model). While VR
object switching can be potentially achieved by leveraging
other users’ physical efforts [7], it may be hard to create
shapes in real time for fast-pace VR interaction. In future
work, wewill investigate twistable structures with embedded
electro-mechanical modules for automatic transformation.
9 Conclusion

Wepresent a series of studies on using Rubik’s Twist to cre-
ate VR haptic proxies. Our pilot studies validated the feasibil-
ity and the effectiveness of Rubik’s-Twist-based haptic prox-
ies, and it also revealed the challenges users encountered in
shape creation, motivating the development of the HapTwist
toolkit. HapTwist provides an accessible software+hardware
platform, and supports the creation of interactive haptic prox-
ies for a comprehensive set of hand-graspable VR objects.
Our user study showed that HapTwist was easy to learn and
use, and it significantly improved user performance in creat-
ing interactive haptic proxies with Rubik’s Twist. HapTwist
haptic proxies offered a similar VR experience to the real
objects. With further development of the toolkit, we aim to
bring the joy of customizing interactive VR haptic proxies
and controllers with low-cost shape-changable artifacts to
more users.
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