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ABSTRACT 

Exploring and manipulating complex virtual objects is 

challenging due to limitations of conventional controllers 

and free-hand interaction techniques. We present the TanGi 

toolkit which enables novices to rapidly build physical proxy 

objects using Composable Shape Primitives. TanGi also 

provides Manipulators allowing users to build objects 

including movable parts, making them suitable for rich 

object exploration and manipulation in VR. With a set of 
different use cases and applications we show the capabilities 

of the TanGi toolkit, and evaluate its use. In a study with 16 

participants, we demonstrate that novices can quickly build 

physical proxy objects using the Composable Shape 

Primitives, and explore how different levels of object 

embodiment affect virtual object exploration. In a second 

study with 12 participants we evaluate TanGi's 

Manipulators, and investigate the effectiveness of embodied 

interaction. Findings from this study show that TanGi’s 

proxies outperform traditional controllers, and were 

generally favored by participants. 
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INTRODUCTION 

Virtual Reality interfaces will fundamentally change how we 
design and work with physical objects. VR-based 3D content 

creation systems allow rapid prototyping of 3D models by 

using head worn displays and employing 6-DOF controllers. 

These controllers give designers a type of embodiment in the 

virtual space, allowing them to move, place and rotate the 

models using 3D controls. Furthermore, they enable new, 

intuitive ways to create and engage with 3D objects 

compared to completing these tasks with traditional 2D 

interfaces [2, 3, 29, 31, 42, 45].  

Despite the improvements offered by 6-DOF controllers to 

facilitate rapid creation, exploration and manipulation of 3D 

objects, working with virtual 3D models can still be 

challenging, because current interfaces are disembodied. For 
example, a designer creating a new toy relies on controller-

based manipulations to move parts of the virtual toy around, 

and this sort of control-display remapping is cumbersome. 

The designer cannot feel and easily test out the object 

through the controllers, and studying how different parts of 

the toy will behave and react when they are physically 

manipulated relies on imagination, since controls are not a 

direct analog for how the toy would really feel.  

In this work, we deepen research into how we can give an 

embodiment to virtual objects, by giving them tangible form 

and moveable parts that match their virtual counterparts. 

Recent work has highlighted that providing a physical proxy 
for virtual objects can facilitate interactions [20, 21, 40, 46, 

55]. Our work extends these findings, enabling embodiments 

to be created for virtual objects by providing a toolkit that 

allows the creation of tangible proxies – rapidly built 

physical stand-ins that approximate key elements of both 

form and function of a virtual object. Our toolkit, called 

TanGi, enables users to create representations that allow 

proxy object manipulations, such as bending, stretching, and 

rotating.  

The TanGi toolkit provides both composable shape 

primitives (to approximate the size and shape of the virtual 
objects), and a representative set of manipulators (which 

allow multi-part objects to move in relation to one another 

through rotating, stretching and bending operators). Figure 1 

 

Figure 1: Visual abstract providing an overview of TanGi elements and the context of our two user studies. 



illustrates a proxy object which is assembled using TanGi 

primitives, and allows for manipulations.  

To evaluate how object embodiments created with TanGi can 

affect interactions, we conducted two lab studies that 

explored object exploration and manipulation. The first study 
showed that for reorientation and finding tasks, embodied 

proxies offered quicker completion times and physical 

operations that aligned more closely to people’s 

expectations. The second study showed that participants 

could use the proxies to more quickly and accurately 

complete matching tasks required manipulating different 

parts of a proxy.  

This work makes three major contributions: first, we present 

the conceptual design of TanGi, a toolkit that enables 

embodied object manipulation in VR; second, through 

presenting different use cases and applications we show the 

capabilities and expressive power of the TanGi toolkit. 
Finally, we show that physically embodied virtual objects 

enable improved exploration and manipulation on virtual 

objects. 

RELATED WORK 

The HCI community uses the term “embodiment” in a 

number of ways. In this paper, we refer to embodiment in 

two ways: first, the proxy object gives physical embodiment 

to the virtual object; second, how people interact with the 

virtual object thus becomes embodied since interactions with 

the object are more direct—manipulations on the physical 

object are mirrored in the virtual world. Therefore, we situate 

our work within the context of tangible and embodied 

interaction research, where research has long focused on the 
cognitive benefits of using tangibles to interact with 

computation. 

Tangible Interfaces and Embodied Interaction. Embodied 

interaction argues that when people can interact cognitively 

and physically with information (e.g., through tangible 

interfaces [26]), people can more fluidly understand the 

information being manipulated [12]. We have seen, for 

instance, that tangible interfaces promote natural interaction 

[42], are faster and more intuitive to use [8], because they 

benefit from human spatial memory [11].  

Recent research has explored how to use tangible real-world 

objects as physical proxies for virtual models [4, 17, 20, 54]. 
For instance, Hettiarachchi et al. [20] show how an AR 

system can automatically identify nearby real-world objects 

that offer the best physical approximation of a virtual object, 

to be used as a proxy object. The downside of this approach 

is that multiple objects with various features need to be 

nearby, and real-world objects may only roughly match the 

shape of the virtual counterpart. Other work has shown that 

such mismatches between physical proxies and virtual 

models hinder interactions, pointing out that mismatches are 

most significant for tactile feedback, temperature and weight 

differences [47]. Importantly, proxy fidelity affects 
immersion in the virtual environment, performance, and the 

intuitiveness of interacting with virtual objects; the higher 

the proxy fidelity, the better the interaction [41].  

Providing haptic sensation for virtual models frequently 

requires unwieldy or bulky hardware. Various devices create 

different haptic sensations including rendering the shape of 
physical objects [7, 36, 37], providing force-feedback [19], 

dynamic weight-shifting [55], or may be used for character 

animation [28] and object construction tasks [34]. Some 

haptic devices overcome this with wearables that simulate 

weight and grasping [10, 43] using electrical muscle 

stimulation [34,  35]. Robots can provide physical props for 

a virtual environment [48, 50], and drones can provide haptic 

feedback for interacting with virtual models [1, 24]. 

Similarly, shape-changing interfaces are promising, but can 

be bulky [14] or challenging to fabricate [54]. Haptic 

feedback has also been shown to improve immersion in 

virtual reality-based navigation tasks, since the navigation 
becomes an embodied task [27]. TanGi builds on the idea of 

embodiments by providing real-world proxies for 

manipulating virtual models, and extends this idea beyond 

composable primitives (e.g., Muender et al. [41] use Lego 

blocks) by adding manipulators that allow the proxies to be 

multi-part objects that move in relation to one another. 

Toolkit Research & Rapid Fabrication. Using real-world 

proxies to interact with virtual models provides clear 

advantages [21, 40, 41, 55], but it is largely impractical to 

have proxy objects for every virtual model. Cheng et al. [9] 

propose using sparse haptic proxies through a haptic illusion, 
but this may not be possible for complex shapes. Others have 

explored how 3D printing enables new opportunities to 

quickly prototype/build proxies on demand. Mueller et al. 

[40] use a combination of 3D printing and Lego bricks to 

build functional proxy objects twice as fast as traditional 3D 

printing. 

Toolkits should aim to minimize the difference between what 

is possible with the virtual and what is possible with the 

proxy [30, 46]. Real-world objects have a vast complexity in 

terms of movable parts; e.g. some are rotatable, bendable, 

stretchable and translatable. Following these ideas, 

researchers have also identified manipulations of proxies as 
an important next step in improving interactions through 

proxies. The HapTwist [57] toolkit uses unified parts 

connected via twistable joints. It offers better robustness; 

however, it does not allow to replicate manipulable object 

parts. VirtualBricks [5] provides Lego-based proxies that 

allow for translation and rotation of a proxy. 

 

Figure 2: TanGi Toolkit (left) and 50mm base cubes showing 

ablated areas and Velcro tape pattern (right). 



Our toolkit share similarities with HapTwist [57] and 

VirtualBricks [5], but extends the idea of manipulable parts 

by introducing two new types of manipulations (i.e., variable 

linear stretching and unidirectional bending). Further, we 

provide a first evaluation providing clear results that proxies 
better support exploration and manipulation interactions, 

when compared to conventional controllers. 

TANGI TOOLKIT CONCEPT AND DESIGN 

Similar to earlier work, we are motivated by the need of 

providing designers with the ability to rapidly prototype 

physical proxies that can enable embodied exploration and 

manipulation. Our approach relies on composable shape 

primitives, which allow rough tangible proxies to be 

constructed quickly, and manipulators, which allow multi-

part objects to be composed with moving parts. Together, 

these enable embodied exploration by matching the tangible 

proxy to the virtual object, and embodied manipulation by 

allowing the tangible proxy to control the virtual object. In 

our vision TanGi is extendable. Thus, designers can create 
customized composable shape primitives which meet their 

own requirements, and subsequently they can re-use them.  

The TanGi toolkit philosophy was driven by three goals. 

First, the toolkit should enable rapid iterative prototyping 

with very quick turnaround (<5 mins). Second, the proxies 

made with the toolkit should enable exploration of 

corresponding virtual objects. Third, the proxies should 

allow people to manipulate the virtual objects. 

Composable Shape Primitives for Embodied Exploration 

Whereas others try to solve the exploration problem by either 

repurposing real-world objects [20], 3D printing techniques 

[25, 39, 40] or through robot assemblies [18, 50, 54] our 

approach relies on composable shape primitives, allowing 

people to create proxies that approximate virtual objects.  

In the first version of this toolkit we provide four primitive 

shapes at three different sizes: cubes, triangles, half-spheres 

and sticks (Figure 2 left). We decided on these primitive 

shapes after a formative prototyping phase with foam board. 

These shapes can be composed into larger composite objects 

using heavy-duty Velcro tape. As illustrated in Figure 2 

(left), the primitives allow us to replicate a variety of 

basketball-sized objects. 

Our implementation relies on 3D printing to fabricate the 

shapes, and a Velcro-pattern (Figure 2 right) on the cubes 

that provide a stable base atop which additional shapes can 
be applied. These proxies can thus be composed of reusable 

primitives that can be built up and taken apart to represent 

various virtual objects as necessary. This approach is similar 

to the often-used block structures [5, 40, 44, 51]. Going 

beyond using traditional brick structures, TanGi can provide 

a richer set of shapes primitives and can be easily extended 

with by adding new 3D-printed primitives when necessary.  

When combined with a 3D tracker (in our current version, a 

Vive Tacker) objects composed with TanGi can function as 

a tangible proxy that can be used to control the movement 

and orientation of a corresponding virtual object. This allows 

people to engage in embodied exploration, moving, feeling, 
reorienting and grabbing approximation of different parts of 

the virtual object.  

Fabrication. We designed a basic set of primitive shapes 

using the CAD software Rhino3D [59] (Version 6 SR14). 

The models were exported as stereolithography (.stl) files, 

and printed on a Fused Deposition Modeling (FDM) 3D 

printer using PLA. As visible in Figure 2 (right), the design 

offers ablated areas of 1mm to accommodate the heavy-duty 

Velcro tape. All four shapes were fabricated in three different 

sizes e.g. the cube in 50, 40 and 30mm. Overall, we 

fabricated 56 objects. 

Manipulators for Embodied Manipulation 

Physical objects have vast complexity such as rotating parts, 
can be stretched, folded, deformed, bended etc. TanGi 

provides a representative set of manipulators that allow 

multi-part objects to move in relation to one another, in an 

effort to minimized the difference between physical proxies 

and their virtual counterparts (as suggested by  [47]). While 

the entire range of manipulations that are possible with a 

physical/virtual object is beyond the scope of this work, we 

developed TanGi with the goal of incorporating a larger set 

  

Figure 3: Clockwise: (A) The four different Manipulators: (i) bend, (ii) variable linear stretch, (iii) linear translation and, (iv) 

single-axis rotation, all augmented with Velcro tape. (B) Variable stretching patterns. (C) All the components inside a stretching 

Manipulator including the modular stretching pattern. (D) Charging the battery; when charging, the LED is red - blue when 

done. (E) shows a rotation manipulator connected using a rotary potentiometer. (F) and (G) show stretching and bending. 



of representatives of manipulations than has been done in 

previous work. TanGi manipulators replace the previously 

described Velcro connectors between shape primitives with 

new manipulable blocks. Manipulators allow for a 

movement relationship (i.e. rotation, translation, stretching, 
bending) between shape primitive to be tracked. These 

movements can then mapped to the virtual object, allowing 

parts of the virtual object to be controlled. 

In this first version of the toolkit, we focused on four 

movement primitives, which we describe below. We expand 

on variable linear stretching and unidirectional bending, 

since these are new contributions of our work. 

• single axis rotation: Enables objects to have rotational 

parts (e.g. bottle lid) through using a rotary potentiometer.  

• linear translation: Parts of an object can be moved back 

and forth in one direction (e.g. linear sliders). This 
manipulator utilizes a linear potentiometer. 

• variable linear stretching: Extends linear translation by 

providing a better sense of how much parts of the object 

can be translated in order to communicate min/max states. 

As a result of the increasing amount of force needed to 

stretch the object (e.g. to cock a crossbow). It uses the same 

hardware base as the linear translation manipulator; 

additionally, it utilizes a variable 3D printed stretchable 

material on top, which provides force-feedback. Following 

TanGi’s modular approach the stretching patterns can be 

replaced. Thus, users can choose between less stretchable 

(more force required) or more stretchable (less force 
required) pattern to create different haptic sensations.  

• unidirectional bending:  Enables objects that have 

bendable parts, such as a fishing rod. It also naturally 

communicates min/max states. To achieve this, we use a 

bend/flex sensor between two distant cubes. Similar to the 

stretching pattern we utilize a bending pattern between the 

cubes. Depending on the 3D printed pattern users can 

create a less/ more bendable object. In the default position 

the bend manipulator is straight. 

Fabrication and Implementation. We modified our cube 

primitive to accommodate all components and parts inside. 
To fabricate the patterns that allow stretching and bending, 

we used thermoplastic polyurethane (TPU), an elastic 3D 

printing material. We designed the different patterns in 

Rhino3D inspired by work on stretchable circuits [16] 

(Figure 3b). Each Manipulator uses low-cost off-the-shelf 

hardware components: an hc-06 Bluetooth module, an 

Arduino Nano 3.x, a voltage converter, a charging unit (chip 

TP4056), a 3.7V 400mAh Lithium Polymer battery, a switch, 

wires, resistors and different sensors. Manipulators are self-

contained and do not require external power or connection 

cables to transmit data. The Arduino inside the manipulator 

continuously executes code for resistive sensing, and sends 
updates via Bluetooth to the serial port of the VR machine, 

providing a sampling rate of at least 30 Hz. VR scenes are 

created in Unity3D. STL models, circuit schematics and the 

processing code is open-source and can be downloaded from 

(https://github.com/MartinFk/TanGi). 

EXAMPLE APPLICATIONS & USE CASES OF TANGI 

The resulting TanGi toolkit, composed of shape primitives 

and manipulators, enables users to quickly build a variety of 
objects allowing complex manipulations. In this section, we 

illustrate how the toolkit can be used to build several 

different tangible proxies that represent and control virtual 

objects. Importing our Manipulator module (a library 

including all components for serial communication) into 

Unity3d provides the VR interface for the manipulators. 

As our first example, Figure 4a shows a modified Stanford 

bunny toy which can turn its head, using a single-axis-

rotation manipulator. Its virtual representation gets rendered 

accordantly to the physical proxy object. To do so, a user 

would simply import 3D models for the bunny’s head and 
body, and by attaching the RotationManipulator script in 

Unity, the virtual bunny can now receive rotation updates.  

The second example shows a gameplay catapult that utilizes 

a bending manipulator (Figure 4b). Users can move the 

 

Figure 4: Example use case applications.  



catapult to the desired location and load it by bending the 

manipulator. To launch a virtual stone the user releases the 
cube on the end of the bend manipulator which then 

accelerates. The max. bend state achieved determines how 

much force is applied to the stone affecting its trajectory. 

The third example, the crossbow in Figure 4c, makes use of 

the linear stretching manipulator with a 40% stretching 

pattern. The user aims at the target and pulls back on the 

virtual arrow using the physical block; the virtual crossbow 

gets rendered with respect to the stretched manipulator. 

Once, the user lets go, it snaps back and triggers the arrow.  

Our last example demonstrates the use of TanGi for 

controlling a virtual robotic arm (Figure 4d). The model for 

this arm is similar to an existing robotic arm model used in 
industrial settings [13]. It uses two manipulators, single-axis 

rotation and linear translation, simultaneously. The user can 

move the object 6DoF in space; however, they can also rotate 

the robot wrist independently to adjust and fine-tune the 

gripper orientation using the single-axis rotation 

manipulator. To open and close the gripper the physical 

proxy robotic arm utilizes a linear translation manipulator.  

These example applications act as a proof-by-example (as 

suggested by [33]), and illustrate a wide spectrum of possible 

use cases for TanGi, from toys and gameplay to industrial 

applications. To better understand whether composable 
proxy objects and manipulators provide advantages in terms 

of usability and naturalness when used for exploration and 

manipulation, we conducted two user studies. 

STUDY 1: EMBODIED OBJECT EXPLORATION 

Our first study explores how different control types, 

demonstrating a range of different levels of embodiedness, 

affect virtual object exploration. Our examples (described 

above) demonstrate that TanGi does allow building a wide 

range of proxies for virtual objects, but we wanted to 

understand the impact of proxies on basic interactions with 

virtual object (such as reorienting them to get a different 

view, or interacting with them through natural gestures). To 

do this, we conducted a controlled lab study where 

participants re-oriented a virtual object to a pre-specified 

target orientation and pointed at a target on the virtual object 

(to represent a simple interaction). Participants compared 

four different control mechanisms, each with a progressing 

level of embodiment: (1) free-hand control that approximates 

natural gesture-based control using a Leap Motion; (2) 6 
DoF-controller using a Vive controller; (3) TanGi proxy, 

which functions as an approximation of the virtual object; 

and, (4) a high-fidelity 3D print that acts as an exact replica. 

Participants 

We recruited 16 participants (seven females; eight males; 

one preferred not to answer), aged 20-38 (avg: 25.75; sd: 4.5) 

from the general public and the local university. Participants 

had a range of different educational and professional 

backgrounds including engineering, computer science, 

psychology, chemistry, robotics, music composition, law 

and modern languages. Two participants had never used VR 

before, twelve had used it a few times (one to five times a 

year), one person used it often (6 - 10 times a year), and one 

other person on a regular basis (more than 10 times a year).  

Procedure 

Our study used a within-subjects design, allowing 
participants to explore and compare the different control 

types. A Latin-square design was used in order to 

counterbalance the four condition. The study was conducted 

in a quiet room to avoid distraction and ensuring the same 

testing conditions.  

After a study introduction and informed consent, participants 

performed a practice round in VR, giving them an 

opportunity to familiarize themselves with VR, the study 

task and the system. When participants felt comfortable, the 

study began. In the first part of the study, participants were 

asked to reconstruct the Stanford bunny using the shape 

primitives available in TanGi. As a reference, a physical 3D 

printed version of the bunny was provided.  

After completing the first part of the study, participants were 

provided a demographic questionnaire regarding their prior 

experience and background. Next, they performed a test, to 

collect data regarding their mental rotation abilities. Finally, 

they executed the matching task using four different 

techniques, followed by a final questionnaire as well as a 

semi-structured interview to better understand their 

experience. Participants were given a sweet as a token for 

their participation. The total experiment took approximately 

45 minutes, and was approved by the University College 

London’s Ethics Committee. 

Task Design 

We chose the 3D printed Stanford bunny for our study, 
because it has a distinct shape and many details such as ears, 

tail, nose, etc. Following we describe the two study parts. 

Part 1. The first part of the study aimed to evaluate the 

capabilities of our toolkit to approximate and relatively 

detailed object, and to help us to understand how novices’, 

with no previous experience in this type of proxy creation, 

approach such tasks. We asked participant to assemble the 

 

Figure 5: Different levels of proxy embodiment in Study 1. 

 

Figure 6: Object-matching task. The blue bunny (left) is 

required to match the red’s orientation and position. Yellow 

progress bar and green object color indicate matching. Next, 

participants point at locations - red sphere on the object. 



bunny using our toolkit. There were no constraints given 

except that the cube with the tracker was required to be the 

head of the bunny, and therefore was 3D printed with a ¼ 

inch screw on top. We only offered two different primitive 

shapes (cubes and half-sphere), each in three different sizes. 
In our pilot study, we found these shapes were surprisingly 

sufficient for creating an approximation of the bunny, and 

put a reasonable cap on the task complexity.  

Part 2. The task in part 2 models a common operation in a 

VR world: reorienting an object to locate a particular view 

and to interact with the object. Our experimental system 

generates pseudo-random locations on the bunny (red 

spheres) that indicated where participant needed to find and 

interact with (through pointing). Subjects were required to 

alternate between position matching and pointing 

interactions, and hold a particular position or pointing 

position for two seconds to complete the task. Figure 6 
provides an illustration of the task. Each participant 

completed ten different orientations and ten pointing 

locations per condition.  

Apparatus  

We implemented the virtual environment in Unity3D [50] (v. 

2018.3.11f1) using an HTC VIVE [60] (2PR8100) with 

SteamVR [61] (v. 1.5.15) and the OpenVR SDK [58] (v. 

1.4.18). For the hand tracking we used a Leap Motion sensor 

[62] (SDK v. 2.3.1) attached to the HTC VIVE. The program 

was running on a Dell Notebook with an Intel Core i7, 16 GB 

RAM and NVIDIA GeForce GTX 1060. The ten different 

locations were hardcoded to ensure that they are always 

reachable for sitting participants. The required end-locations 
covered a space of 100x30x25cm (WxLxD) in front of the 

participant. The pointing locations were randomly selected 

from a set of five (nose, body, tail, paw and ear of the bunny). 

To provide support during the task, we displayed a dwell 

time indicator (during the two-second hold required to 

complete the task) using a yellow progress bar (see Figure 

6). After pilot testing, we chose a rotation threshold of 30 

degrees across all three axes, and an overall threshold of 6cm 

for positioning. Once a participant entered that threshold, the 

goal bunny turned green and the progress bar started. 

Participants did not have to select the object in the controller 

condition. The controller acted as a “stick” for the bunny and 

its manipulation was immediately displayed on the virtual 

model.  

Data Collection 

We collected data from seven sources: a pre-study 

questionnaire for demographic information; a mental-

rotation test using PsyToolkit [48]; video of the participant 

as they completed phase one and phase two of the 

experiment; system logs (including task completion times, 
accuracy, travelled position/orientation, head movement, 

head gaze, etc.), field notes and observations, a post-study 

questionnaire (mainly 7-point Likert scales), and a short 

semi-structured interview to better understand participants’ 

experiences in the different conditions. 

Analysis 

We conducted a statistical analysis (7400 system logged data 

points), and related this to the results from our thematic 

analysis where we identified recurring themes in participant 

behavior as they engaged with the system. In addition, we 

conducted a modified interaction analysis (Jordan & 

Henderson [29]) on the videos, where we looked at unusual 

incidents to provide further insights into how people used the 

different techniques. 

Results 

Here, we show the findings from our two-part experiment. 
We start with part one where participants were asked to build 

a rough approximation of the bunny using our toolkit. 

Part 1: Building the proxy object. All participants 

successfully assembled a bunny using our toolkit. Two 

participants reported that it was “…tricky to match the 

Velcro tape” (P11), and suggested that “…different colors 

might help” (P11). However, generally subjects responded 

positively to “It was easy to assemble the object.” (md: 6.0; 

sd: 1.15).  

On average, participants took 167s (sd: 44s) to complete the 

bunny assembly. Participants built 16 different unique 
bunnies (see auxiliary materials). Participants generally 

found the shapes they needed, responding to the statement 

“All necessary shapes were provided for building the object” 

(md: 5.5; sd: 1.93); four participants asked for additional 

shapes such as triangles. Generally, participants told us that 

they were satisfied with the result (md: 6.0; sd: 1.59). In 

responding to why participants built the bunnies the way they 

did, participants varied on what aspects were more important 

to replicate. P7 responded “I just tried to roughly match the 

size” whereas P16 stated “The bunny needs ears!” showing 

they wanted to re-create this detail. The toolkit components 

were largely robust, though the bunny broke towards the end 
of the second part of the study for two participants and some 

participants felt uneasy about the stability of bunny 

appendages while manipulate the proxy—e.g. when the 

participant included ears. As a consequence, participants 

were very careful with the proxy, and were gentler when 

turning it around, as they were afraid the bunny’s head would 

 

Figure 7: A/B: Points in the air (red circle), because the 

object is missing ears. Does not receive tactile feedback. C: 

Participants built bunny proxies in different shape/size. 



fall off. In spite of this, participants were able to complete all 

study 2 tasks successfully. As discuss later, alternative 

construction techniques could address some of these issues, 

but in general the possibility of breaking a proxy object is a 

limitation of every block-like construction kit. 

Part 2: Orienting and Interacting. All participants used the 

object they built in Part 1 as the TanGi condition.  Our 

analysis of the mental rotation test did not show any outliers. 

As illustrated in Figure 8, participants found control types in 

all conditions easy to learn and easy to use. The 3D printed 

bunny was the fastest in terms of task completion time. 

Means for the four conditions were: 3D print (mean: 3.9 s; 

sd: 1.2 s), Controller (mean: 4.2 s; sd: 1.4 s), TanGi (mean: 

5.8 s; sd: 1.7 s), and Free-hand (mean: 10.7 s; sd: 2.3 s).  

To further investigate our data, we ran one-way repeated-

measures ANOVAs. The collected data sets hold the 

homogeneity assumption, because they are normally 
distributed verified through Lilliefors normality tests. Main 

effects revealed by the ANOVA were tested for significance 

using post-hoc Bonferroni-Dunn tests. 

We found a main effect on task completion times (F4, 45 = 

130.9, p < .0001). Following this, we found a significant 

difference between Free-hand and the three other conditions 

as well as between TanGi and the 3D print at p < 0.05. This 

is also supported by participants’ ratings to “I completed the 

task quickly” (medians: 3Dprint (6.0), Controller (6.0), 

TanGi (5.0), and Free-hand (5.0)).  

In terms of accuracy we saw similar results. Average error 
values in degrees across the three rotation axes were: 3D 

print (mean: 12.7°; sd: 3.1°), Controller (mean: 12.0°; sd: 

2.5°), TanGi (mean: 13.7°; sd: 3.3°), and Free-hand (mean: 

16.4°; sd: 2.6°). Translation error values along x, y, and z in 

sum were 3D print (mean:  2.8 cm; sd: 0.7 cm), Controller 
(mean: 2.7 cm; sd: 0.5 cm), TanGi (mean: 3.2 cm; sd: 0.8 

cm), and Free-hand (mean: 3.5 cm; sd: 0.5 cm). We found a 

main effect for the orientation offsets (F3,45 = 20.279, p < 

.0001). Post hoc tests showed a significant difference 

between Free-hand and the three other conditions at p < 0.05. 

The ANOVA for translation difference indicated a main 

effect (F3,45 = 7.865, p < .0005); however, post hoc showed 

no significant differences after corrections. Participants’ 

ratings align with these findings “I could orient the object 

accurately” (medians: 3Dprint (7.0), Controller (6.5), TanGi 

(6.0), and Free-hand (5.0)).  

Observations  

Free-hand. Without tangible elements it was significantly 

harder to manipulate the virtual object. We frequently 
observed that participants were not aware of their grasping 

point. As with real world objects, the grasping point 

simultaneously represents the rotation axis. Grasping the 

bunny at the ear resulted in an unexpected large rotation for 

participants. In spite of this, two participants favored the 

virtual condition. “This is magical…I am not afraid to drop 

stuff” (P11) or “I can just arrange it how I want” (P16). 

Controller. The controller provides an easy tangible way to 

manipulate virtual objects. Subjects reported that it was 
comfortable to hold and allowed them to easily match the 

goal orientation. We often observed that rather than changing 

the grasping position, participants twisted and bended their 

wrist to rotate the object. 

TanGi Toolkit. Participants were deliberately slower with 

the TanGi proxies, as they were worried the components 

might not stay together. In spite of this, participants 

performed well using their own proxy. Compared to the 

Free-Hand and Controller conditions, it allowed them to 

“…better understand the size/dimensions of the object” (P1), 

“…because it was closer to what I am holding” (P10). 

Participants stated that they used physical parts of the object 
as landmarks being able to quickly determine the object’s 

orientation: “I used the tail and the ears so that I roughly 

know how it is oriented, and it helped me to find the correct 

pointing location” (P9). These observations make it clear the 

proxy functions as an embodied stand-in for the virtual 

model. This kind of stand-in would be appropriate, opined 

P8, particularly for “objects that are challenging to 

understand in VR, because of the environment, task, 

rendering, complexity etc. [The proxy] would [allow] my 

hands to better understand it” (P8).  

One challenge we observed with TanGi proxies was that 
mismatches between the virtual model and the TanGi proxies 

caused some confusion. In some cases, we observed that 

participants overshot the pointing location (i.e. pointed into 

 

Figure 9: Task completion times study 1. 

 

Figure 8: Post-study questionnaire results on a 7-point 

Likert-type scale (1= Strongly disagree; 7=Strongly agree). 



the model rather than on the surface), because they expected 

to receive tactile feedback about the edge of the virtual 

model. This would occur, for instance, when parts of the 

bunny were not replicated in the proxy (e.g. the ears), and 

tried to touch the tip of the ear. These mismatches slowed 

participants down, consistent with prior literature [30, 46]. 

3Dprint. The 3Dprint performed best across all 

measurements, and was also most favored by our 

participants: “The 3D print was definitely the best” (P11) or 

“It feels very natural” (P5). It allowed participants to explore 

the object, use landmarks to better understand the object and 

help them especially with the pointing: “I can just follow the 

object” (P13) or “It allows me to do fine-grain adjustments 

when I touch it” (P7). However, four participants told us that 

they found it challenging to work with the 3D print, because 

of its size. Furthermore, two stated that they found the weight 

distribution (center of gravity) confusing. This problem was 
created by using the HTC VIVE tracker on the head of the 

bunny, and has also been outlined in previous work [53, 55]. 

Study 1 Summary  

This study demonstrates that TanGi allows people to build 

tangible proxy objects that can be used for object exploration 

in VR. TanGi’s proxies helped participant’s spatial 

understanding of virtual objects over the Controller 

condition, and generally increased their performances 

compared to free hand interactions. Up to this point, we only 

investigated how embodied exploration affects user 

interaction. Therefore, in our second study, we further 

investigate the use of the manipulators for embodied object 

manipulation, which bring proxy objects closer to the rich 

manipulation possibilities of real-world objects. 

STUDY 2: EMBODIED MANIPULATION 

While our first study focused on how different control types 
affected exploration of a virtual object, our second study 

focused on how embodiment affects manipulations of virtual 

objects. Specifically, we wanted to understand the impact of 

TanGi proxies on manipulation tasks. To build this 

understanding, we conducted a controlled laboratory 

experiment where participants completed single dimension 

manipulation tasks. Participants completed trials where each 

of the three control types (Free-hand, Controller and TanGi) 

represented a different level of embodied interaction.  

We compared our three different conditions in performing 

three different primitive object manipulations; rotating, 
stretching and bending. Since, linear translation and linear 

stretching is essentially the same for the Free-hand and 

Controller condition, we decided to only include linear 

stretching in study 2. We did not include a 3D printed 

condition in study 2, since there is no current analog to 3D 

printing manipulable objects.  

Participants 

We recruited a new set of 12 participants (6 reported as 

female; 6 reported as male), aged 19-35 (avg: 25.46; sd: 4.8) 

with a range of professional and educational backgrounds 

including humanities education, geography, computer 

science, psychology, environmental science, linguistic, 

English literature, and civil service. This excludes one 

participant that was omitted before analysis, due to a problem 

with experimental system. Each participant was provided a 
£5 Amazon Voucher as remuneration. Five participants 

reported that they had never used VR before, five had used it 

a few times (one to five times a year), and two other subjects 

use it on a regular basis (more than 10 times a year). 

Participants from the first study were not permitted to take 

part in this experiment.  

Task Design 

The three tasks were modeled to help us compare three 

different levels of embodied manipulation: Free-hand, 

Controller and TanGi. For instance, participants were 

required to reproduce five different levels of stretch, match 

five different rotation and bend states within a threshold. 

Early pilot testing revealed that allowing 6DoF for the 

Controller and the Free-hand interaction technique was 
challenging. To ensure the equality of the different 

conditions we restricted the DoF for Free-hand and 

Controller. Thus, we essentially implemented a virtual 

version of the Manipulators by only allowing single axis 

rotation, linear stretching and unidirectional bending.   

Similar to study 1, subjects were required to hold the object 

for two seconds (indicated through a yellow progress bar). A 

second object displayed above the one under control showed 

how much rotation, stretch and bend was required. 

Procedure 

After giving participants a general introduction to the study, 

we explained the task, and showed them the first condition. 

Next, they performed practice rounds for rotating, bending 

and stretching, before they did the main experiment. This 
gave them the opportunity to familiarize themselves with 

VR, the study task and the condition. We fully 

counterbalanced the presentation of the three different 

conditions resulting in six permutations. The experiment 

took about 30 minutes. The study has been approved by 

University College London’s Ethics Committee. 

Analysis 

We followed the same data collection and analysis procedure 

as in study one. 

Findings & Observations 

Here, we focus on the findings from our second experiment. 

We highlight how people make use of TanGi’s manipulators, 

and we contrast their experiences with the Controller and 

Free-hand condition to explore embodied manipulations.  

 

Figure 10: Task completion times study 2. 



Overall, TanGi’s Manipulators outperformed the two other 

conditions across all measurements. First, we take a look at 

the task completion times (mean. for one trial) for the three 

tasks rotation, bending and stretching (also see Figure 10). 

Completion Time. To further investigate our data, we again 
ran a one-way RM-ANOVAs after verifying the assumption 

of normality using a Lilliefors test. Post-hoc tests used 

Bonferroni-Dunn.  

Rotation: The times for rotation were Free-hand (mean: 4.18 

s, sd: 1.34 s), Controller (mean: 3.32 s, sd: 1.63 s), and TanGi 

(mean: 2.62 s, sd: 1.17 s). We found a main effect (F2,22 = 

6.408, p < .05). Post-hoc tests revealed that TanGi was 

significantly faster than Free-hand (p < .05).  

Stretching: For stretching completion times were Free-hand 

(mean: 1.75 s, sd: 0.72 s), Controller (mean: 1.23 s, sd: 0.49 

s), and TanGi (mean: 1.15 s, sd: 0.23 s). The ANOVA 

showed a main effect (F2,22 = 4.429, p < .05). We found 

TanGi to be significantly faster than Free-hand (p < .05).  

Bending: Bending completion times were Free-hand (mean: 

4.39 s, sd: 2.06 s), Controller (mean: 4.41 s, sd: 2.18 s), and 

TanGi (mean: 1.90 s, sd: 0.56 s). A main effect was found 

(F2,22 = 11.969, p < .05). Post-hoc tests showed that TanGi 

was significantly faster than Controller and Free-hand (p < 

.05).  

Generally, bending was challenging for participants. Even 

though we constrained the DoF it still required to manipulate 

two virtual objects relative to one another. As our early pilot 

testing showed this confronts participants with challenges.  

Subjective Responses. Our main analysis aligns with 

participants’ questionnaire responses. For instance, medians 

for “Overall impression of the system: I would use the system 

for virtual 3D object manipulation” were: TanGi (md: 6.5, 

sd: 0.52), Controller (md: 6.0, sd: 1.11) and Free-Hand (md: 

5.0, sd: 1.54). Participants rated TanGi as“easy to use” (md: 

7.0, sd: 0.51), compared to Controller (md: 6.0, sd: 1.15) and 

Free-Hand (md: 4.5, sd: 1.37)); and “easy to learn”: TanGi 

(md: 7.0, sd: 0.28), Controller (md: 7.0, sd: 0.98), Free-Hand 

(md: 6.0, sd: 1.31)).  

Our observations indicated that participants struggled 

somewhat with the bending task in the Controller and Free-
hand condition, which is supported by the completion times. 

This is also evidenced in the questionnaire responses to “I 

could BEND the object accurately” TanGi (md: 7.0, sd: 

0.64), Controller (md: 5.0, sd: 1.50) and Free-Hand (md: 4.0, 

sd: 1.80). The other tasks (stretching and rotating), which 

only required the direct manipulation of one virtual object 

seemed easier. Ratings for “I could ROTATE the object 

accurately” were TanGi (md: 6.5, sd: 0.66), Controller (md: 

5.5, sd: 1.37) and Free-Hand (md: 6.0, sd: 1.44); and, “I 

could STRETCH the object accurately”: TanGi (md: 7.0, sd: 

0.67), Controller (md: 6.0, sd: 1.19) and Free-Hand (md: 6.0, 
sd: 0.93). Next, we provide further insights into how people 

used and experienced the different conditions. 

Free-hand. Participants had mixed opinions about the free-

hand interaction regardless of their prior experience with 

VR. Performing very specific manipulations required a lot of 

focused action“…[I was] very focused on my hand 

movements” (P4), because subtle changes in hand orientation 

was immediately displayed on the object. Interestingly, 

participants frequently reported that interacting using free-

hand was tiring: “It was very tiring for my arm grasping 

literally nothing” (P9). 

Controller. The Controller with its uniform shape was 

slightly preferred over the Free-hand condition, since it 
provided a tangible way to interact with a virtual model. 

“Having an object to hold onto made it easier to keep 

position of the cubes relative to each other” (P6). However, 

some found it cumbersome to use the controller rather than 

directly interacting with objects as highlighted by participant 

11: “Controller feels like a barrier to the object”.  

TanGi. Overall, TanGi’s manipulators performed best 

offering a “… direct way to interact with the virtual object” 

(P11). Due to the direct mapping between the object 

interactions (stretch, bend, rotate) people “…can apply the 

movement [they] learned” (P12). Moreover “[the 
Manipulators] appeared much easier to stretch, due to the 

physical feedback (i.e., actually holding two objects in your 

hand), whereas the other two methods were a little bit more 

difficult, as they appeared more 'abstract’” (P7). The 

Manipulators were treated as if they were the virtual object, 

but also moved with more care; in contrast, when using either 

the Controller or the Free-hand, “I don’t really care about 

the object, I just move it around [until I have completed the 

task]” (P2). Finally, the Manipulators allowed users to easily 

perform “…subtle adjustments” (P1), to be very precise and 

to help participants to “… better understand the object, its 

capabilities, and limitations” (P1).   

 

Figure 11: Questionnaire results on a 7-point Likert-type 

scale (1= Strongly disagree; 7=Strongly agree). 



Study 2 Summary 

The study demonstrates that TanGi’s manipulators enable 

people to perform complex object manipulations much more 

easily due to a higher degree of embodiment. Furthermore, it 

provides interesting insights showing the trade-offs between 

the different levels of embodiment.  

DISCUSSION & IMPLICATIONS 

Based on our studies, we discuss TanGi proxies and their 

utility for embodied interaction in VR, identifying 

opportunities to improve the toolkit. 

Embodied Exploration and Manipulation with TanGi  

The TanGi toolkit gives people the capability to create 
tangible proxies linked to corresponding VR models. Study 

1 showed that people can easily create tangible proxies using 

the TanGi toolkit. These were good enough for basic 

exploration tasks such that people’s performance with them 

was on par with a 3D printed virtual object. As we showed 

in our design explorations and studies, the current prototype 

of the TanGi toolkit enables a wide range of proxy 

possibilities. 

The tangible proxies enable embodied exploration and 

embodied manipulation. For the participants in our studies, 

the proxies were used as if they were the virtual object. 

Exploring different sides of a virtual model and pointing at 
different parts of it was accomplished by turning the proxy, 

and pointing at it. Similarly, manipulating different aspects 

of the virtual model was done by manipulating the proxy. 

Many participants described developing an understanding of 

the capabilities and limitations of the virtual model through 

their handling and manipulation of the TanGi proxy. Instead, 

participants described the Free-hand and Controller 

conditions as introducing a “layer” between their interactions 

and the virtual model. 

This embodied interaction presents problems when there are 

mismatches between proxy and virtual model. The tangible 
proxies are ultimately approximations of the virtual model; 

as described in Study 1, each participant approximated the 

bunny in different ways—some built details like ears while 

others focused on simply approximating size. The problems 

with the mismatches would manifest in some fairly obvious 

ways; for instance, participants would overshoot when trying 

to point/rest their hand on the virtual model’s ear if the TanGi 

proxy did not have ears. Additionally, participants indicated 

that secondary characteristics of the proxy were also 

important; for example, the overall weight and the centre of 

gravity of the proxy. In Study 1, the TanGi proxy needed to 

be affixed with a relatively heavy tracker, which threw off 
how participants expected to be able to handle the proxy 

(based on how it looked in the VR world). The fact these 

limitations arose indicate that the TanGi proxies did very 

much embody the virtual models for participants. 

Improving the Design of the TanGi Toolkit 

While TanGi worked as designed, our experiences provide 

some clear directions for improvement. TanGi allows people 

to rapidly build proxies that embody virtual objects by 

approximating size, shape and manipulations close to what 

is expected. However, currently TanGi composable blocks 

are limited in what types of proxies can be created. We 

believe this can be easily improved upon, for example with 

additional primitive shapes that few participants asked for. 
We could easily create a larger range of shapes (e.g. 

cylinders, pyramids, etc.) in various sizes. This increases the 

complexity of actually building proxies, but provides more 

flexibility in the range of models that can be represented.  

Furthermore, while we used Velcro to affix blocks to one 

another, other well-engineered approaches could be 

leveraged. For example, 3D printed snaps or anchors can be 

incorporated directly into our 3D prints, providing robust and 

strong connections that are less likely to break. And while 

the standard Vive trackers added bulk and weight to the 

proxies built in Study 1, we could replace them with smaller 

and lighter emerging trackers (e.g., HiveTracker [23]). 

Finally, it might be possible to provide tactile feedback for 

parts of the proxies that do not have physical manifestation. 

For example, recent work has shown that worn devices such 

as temporary tattoos can be used to provide electro tactile 

feedback [22, 52] or by directly embedding it into the shape 

primitives [15]. Furthermore, it may be possible to use 

certain types of haptic retargeting to provide this tactile 

sensation [6].  

Generalized Controllers with TanGi 

Beyond interacting with VR objects, participants suggested 

that the TanGi concept could be used for building more 

generalized, custom input and output controllers as 

previously shown in [43]. For example, the robotic arm in 
Figure 4d can be modelled with various manipulators (for 

steering, rotating and twisting different parts of the arm). In 

principle, a simple interface to the robot operating system 

ROS [59] would allow users to control an actual robot arm 

using TanGi proxies. Other application domains might 

include AR (e.g. [20, 30] ). 

CONCLUSION 

In this paper we presented TanGi, a toolkit that allows novice 

users to rapidly build tangible proxy objects in VR. TanGi 

enables virtual objects to be embodied by approximating 

their shape and moveable parts, enabling fast and easy virtual 

object exploration and manipulation. We demonstrated 

TanGi’s flexibility by presenting a variety of potential 

applications. Through two lab studies we show that different 
levels of proxy embodiment affect fluidity of virtual object 

interaction, and that TanGi proxies offer clear advantages 

over conventional controller. Our work extends the state-of-

the-art in virtual reality technology, by demonstrating a new 

way to build, richer more fully embodied proxy objects. 

ACKNOWLEDGMENTS 

We thank Warren Park and Daniel Gröger for their help 

with fabrication as well as Tu Dinh Duong, Justas 

Brazauskas and Ethan Wood for helping us with our 

studies. Finally, we thank our participants for their time. 



REFERENCES 

[1] Parastoo Abtahi, Benoit Landry, Jackie (Junrui) 

Yang, Marco Pavone, Sean Follmer, and James A. 

Landay. 2019. Beyond The Force: Using 

Quadcopters to Appropriate Objects and the 

Environment for Haptics in Virtual Reality. In 

Proceedings of the 2019 CHI Conference on Human 

Factors in Computing Systems (CHI ’19), 359:1–

359:13. https://doi.org/10.1145/3290605.3300589 

[2] Laurent Aguerreche, Thierry Duval, and Anatole 

Lécuyer. 2010. Reconfigurable Tangible Devices for 

3D Virtual Object Manipulation by Single or 

Multiple Users. In Proceedings of the 17th ACM 
Symposium on Virtual Reality Software and 

Technology (VRST ’10), 227–230. 

https://doi.org/10.1145/1889863.1889913 

[3] David Anderson, James L Frankel, Joe Marks, 

Aseem Agarwala, Paul Beardsley, Jessica Hodgins, 

Darren Leigh, Kathy Ryall, Eddie Sullivan, and 
Jonathan S Yedidia. Tangible Interaction + Graphical 

Interpretation: A New Approach to 3D Modeling. 14. 

[4] Bruno Araujo, Ricardo Jota, Varun Perumal, Jia Xian 

Yao, Karan Singh, and Daniel Wigdor. 2016. Snake 

Charmer: Physically Enabling Virtual Objects. In 

Proceedings of the TEI ’16: Tenth International 
Conference on Tangible, Embedded, and Embodied 

Interaction (TEI ’16), 218–226. 

https://doi.org/10.1145/2839462.2839484 

[5] Jatin Arora, Aryan Saini, Nirmita Mehra, Varnit Jain, 

Shwetank Shrey, and Aman Parnami. 2019. 
VirtualBricks: Exploring a Scalable, Modular Toolkit 

for Enabling Physical Manipulation in VR. In 

Proceedings of the 2019 CHI Conference on Human 

Factors in Computing Systems (CHI ’19), 56:1–

56:12. https://doi.org/10.1145/3290605.3300286 

[6] Mahdi Azmandian, Mark Hancock, Hrvoje Benko, 
Eyal Ofek, and Andrew D. Wilson. 2016. Haptic 

Retargeting: Dynamic Repurposing of Passive 

Haptics for Enhanced Virtual Reality Experiences. In 

Proceedings of the 2016 CHI Conference on Human 

Factors in Computing Systems (CHI ’16), 1968–

1979. https://doi.org/10.1145/2858036.2858226 

[7] Hrvoje Benko, Christian Holz, Mike Sinclair, and 

Eyal Ofek. 2016. NormalTouch and TextureTouch: 

High-fidelity 3D Haptic Shape Rendering on 

Handheld Virtual Reality Controllers. In Proceedings 

of the 29th Annual Symposium on User Interface 

Software and Technology (UIST ’16), 717–728. 

https://doi.org/10.1145/2984511.2984526 

[8] Lonni Besançon, Paul Issartel, Mehdi Ammi, and 

Tobias Isenberg. 2017. Mouse, Tactile, and Tangible 

Input for 3D Manipulation. In Proceedings of the 

2017 CHI Conference on Human Factors in 

Computing Systems (CHI ’17), 4727–4740. 

https://doi.org/10.1145/3025453.3025863 

[9] Lung-Pan Cheng, Eyal Ofek, Christian Holz, Hrvoje 

Benko, and Andrew D. Wilson. 2017. Sparse Haptic 

Proxy: Touch Feedback in Virtual Environments 

Using a General Passive Prop. In Proceedings of the 

2017 CHI Conference on Human Factors in 
Computing Systems (CHI ’17), 3718–3728. 

https://doi.org/10.1145/3025453.3025753 

[10] Inrak Choi, Heather Culbertson, Mark R. Miller, 

Alex Olwal, and Sean Follmer. 2017. Grabity: A 

Wearable Haptic Interface for Simulating Weight and 

Grasping in Virtual Reality. In Proceedings of the 
30th Annual ACM Symposium on User Interface 

Software and Technology (UIST ’17), 119–130. 

https://doi.org/10.1145/3126594.3126599 

[11] Andy Cockburn and Bruce McKenzie. 2002. 

Evaluating the Effectiveness of Spatial Memory in 

2D and 3D Physical and Virtual Environments. In 
Proceedings of the SIGCHI Conference on Human 

Factors in Computing Systems (CHI ’02), 203–210. 

https://doi.org/10.1145/503376.503413 

[12] Paul Dourish. 2004. Where the Action is: The 

Foundations of Embodied Interaction. MIT Press. 

[13] Cliff Fitzgerald. 2013. Developing baxter. In 2013 

IEEE Conference on Technologies for Practical 

Robot Applications (TePRA), 1–6. 

https://doi.org/10.1109/TePRA.2013.6556344 

[14] Sean Follmer, Daniel Leithinger, Alex Olwal, 

Akimitsu Hogge, and Hiroshi Ishii. 2013. inFORM: 

Dynamic Physical Affordances and Constraints 

Through Shape and Object Actuation. In Proceedings 

of the 26th Annual ACM Symposium on User 

Interface Software and Technology (UIST ’13), 417–

426. https://doi.org/10.1145/2501988.2502032 

[15] Daniel Groeger, Martin Feick, Anusha Withana, and 

Jürgen Steimle. 2019. Tactlets: Adding Tactile 

Feedback to 3D Objects Using Custom Printed 

Controls. In Proceedings of the 32nd Annual ACM 

Symposium on User Interface Software and 

Technology  - UIST ’19, 923–936. 

https://doi.org/10.1145/3332165.3347937 

[16] Daniel Groeger and Jürgen Steimle. 2019. LASEC: 

Instant Fabrication of Stretchable Circuits Using a 

Laser Cutter. In Proceedings of the 2019 CHI 

Conference on Human Factors in Computing Systems 

(CHI ’19), 699:1–699:14. 

https://doi.org/10.1145/3290605.3300929 

[17] Daniel Harley, Aneesh P. Tarun, Daniel Germinario, 

and Ali Mazalek. 2017. Tangible VR: Diegetic 

Tangible Objects for Virtual Reality Narratives. In 

Proceedings of the 2017 Conference on Designing 

Interactive Systems (DIS ’17), 1253–1263. 

https://doi.org/10.1145/3064663.3064680 

[18] Zhenyi He, Fengyuan Zhu, Aaron Gaudette, and Ken 

Perlin. 2017. Robotic Haptic Proxies for 



Collaborative Virtual Reality. arXiv:1701.08879 [cs]. 

Retrieved March 16, 2019 from 

http://arxiv.org/abs/1701.08879 

[19] Seongkook Heo, Christina Chung, Geehyuk Lee, and 

Daniel Wigdor. 2018. Thor’s Hammer: An 

Ungrounded Force Feedback Device Utilizing 

Propeller-Induced Propulsive Force. In Proceedings 

of the 2018 CHI Conference on Human Factors in 

Computing Systems (CHI ’18), 525:1–525:11. 

https://doi.org/10.1145/3173574.3174099 

[20] Anuruddha Hettiarachchi and Daniel Wigdor. 2016. 

Annexing Reality: Enabling Opportunistic Use of 

Everyday Objects As Tangible Proxies in Augmented 

Reality. In Proceedings of the 2016 CHI Conference 

on Human Factors in Computing Systems (CHI ’16), 

1957–1967. 

https://doi.org/10.1145/2858036.2858134 

[21] Ken Hinckley, Randy Pausch, John C. Goble, and 

Neal F. Kassell. 1994. Passive Real-world Interface 

Props for Neurosurgical Visualization. In 

Proceedings of the SIGCHI Conference on Human 

Factors in Computing Systems (CHI ’94), 452–458. 

https://doi.org/10.1145/191666.191821 

[22] Hunter G. Hoffman. 1998. Physically Touching 

Virtual Objects Using Tactile Augmentation 

Enhances the Realism of Virtual Environments. In 

Proceedings of the Virtual Reality Annual 

International Symposium (VRAIS ’98), 59–. 
Retrieved from 

http://dl.acm.org/citation.cfm?id=522258.836098 

[23] Cédric Honnet and Gonçalo Lopes. 2019. 

HiveTracker: 3D positioning for ubiquitous 

embedded systems. 288–291. 

https://doi.org/10.1145/3341162.3349295 

[24] Matthias Hoppe, Pascal Knierim, Thomas Kosch, 

Markus Funk, Lauren Futami, Stefan Schneegass, 

Niels Henze, Albrecht Schmidt, and Tonja Machulla. 

2018. VRHapticDrones: Providing Haptics in Virtual 

Reality Through Quadcopters. In Proceedings of the 

17th International Conference on Mobile and 
Ubiquitous Multimedia (MUM 2018), 7–18. 

https://doi.org/10.1145/3282894.3282898 

[25] Scott E. Hudson. 2014. Printing teddy bears: a 

technique for 3D printing of soft interactive objects. 

In Proceedings of the 32nd annual ACM conference 
on Human factors in computing systems - CHI ’14, 

459–468. https://doi.org/10.1145/2556288.2557338 

[26] Hiroshi Ishii and Brygg Ullmer. 1997. Tangible Bits: 

Towards Seamless Interfaces Between People, Bits 

and Atoms. In Proceedings of the ACM SIGCHI 

Conference on Human Factors in Computing Systems 
(CHI ’97), 234–241. 

https://doi.org/10.1145/258549.258715 

[27] Ricky Jacob, Peter Mooney, and Adam C. 

Winstanley. 2011. Guided by touch: tactile pedestrian 

navigation. 11–20. 

https://doi.org/10.1145/2025876.2025881 

[28] Alec Jacobson, Daniele Panozzo, Oliver Glauser, 

Cédric Pradalier, Otmar Hilliges, and Olga Sorkine-

Hornung. 2014. Tangible and modular input device 

for character articulation. In ACM SIGGRAPH 2014 

Emerging Technologies on - SIGGRAPH ’14, 1–1. 

https://doi.org/10.1145/2614066.2614072 

[29] Brigitte Jordan and Austin Henderson. 1995. 

Interaction Analysis: Foundations and Practice. The 

Journal of the Learning Sciences 4, 1: 39–103. 

[30] Kiyoshi Kiyokawa, Haruo Takemura, Yoshiaki 

Katayama, Hidehiko Iwasa, and Naokazu Yokoya. 

1996. VLEGO: A Simple Two-handed Modeling 

Environment Based on Toy Blocks. In Proceedings 

of the ACM Symposium on Virtual Reality Software 

and Technology (VRST ’96), 27–34. 

https://doi.org/10.1145/3304181.3304189 

[31] Eun Kwon, Gerard J. Kim, and Sangyoon Lee. 2009. 

Effects of Sizes and Shapes of Props in Tangible 

Augmented Reality. In Proceedings of the 2009 8th 

IEEE International Symposium on Mixed and 

Augmented Reality (ISMAR ’09), 201–202. 

https://doi.org/10.1109/ISMAR.2009.5336463 

[32] Joseph J. Laviola, JR., Ernst Kruijff, Ryan P. 

McMahan, Doug A. Bowman, and Ivan Poupyrev. 

2016. 3D User Interfaces: Theory and Practice, 

Second Edition. Addison-Wesley. 

[33] David Ledo, Steven Houben, Jo Vermeulen, Nicolai 

Marquardt, Lora Oehlberg, and Saul Greenberg. 

2018. Evaluation Strategies for HCI Toolkit 

Research. In Proceedings of the 2018 CHI 

Conference on Human Factors in Computing Systems 

(CHI ’18), 36:1–36:17. 

https://doi.org/10.1145/3173574.3173610 

[34] Danny Leen, Raf Ramakers, and Kris Luyten. 

20171020. StrutModeling: A Low-Fidelity 

Construction Kit to Iteratively Model, Test, and 

Adapt 3D Objects. In UIST ’17 Proceedings of the 

30th Annual ACM Symposium on User Interface 

Software and Technology, 471–479. 

https://doi.org/10.1145/3126594.3126643 

[35] Pedro Lopes, Alexandra Ion, and Patrick Baudisch. 

2015. Impacto: Simulating Physical Impact by 

Combining Tactile Stimulation with Electrical 

Muscle Stimulation. In Proceedings of the 28th 

Annual ACM Symposium on User Interface Software 

&#38; Technology (UIST ’15), 11–19. 

https://doi.org/10.1145/2807442.2807443 

[36] Pedro Lopes, Sijing You, Lung-Pan Cheng, Sebastian 

Marwecki, and Patrick Baudisch. 2017. Providing 

Haptics to Walls &#38; Heavy Objects in Virtual 



Reality by Means of Electrical Muscle Stimulation. 

In Proceedings of the 2017 CHI Conference on 

Human Factors in Computing Systems (CHI ’17), 

1471–1482. 

https://doi.org/10.1145/3025453.3025600 

[37] Thomas Massie. 1994. The PHANToM Haptic 

Interface: A Device for Probing Virtual Objects.  

[38] John C. McClelland, Robert J. Teather, and Audrey 

Girouard. 2017. Haptobend: Shape-changing Passive 

Haptic Feedback in Virtual Reality. In Proceedings 

of the 5th Symposium on Spatial User Interaction 

(SUI ’17), 82–90. 

https://doi.org/10.1145/3131277.3132179 

[39] Stefanie Mueller, Sangha Im, Serafima Gurevich, 

Alexander Teibrich, Lisa Pfisterer, François 

Guimbretière, and Patrick Baudisch. 2014. WirePrint: 

3D printed previews for fast prototyping. In 

Proceedings of the 27th annual ACM symposium on 

User interface software and technology - UIST ’14, 

273–280. https://doi.org/10.1145/2642918.2647359 

[40] Stefanie Mueller, Tobias Mohr, Kerstin Guenther, 

Johannes Frohnhofen, and Patrick Baudisch. 2014. 

faBrickation: Fast 3D Printing of Functional Objects 

by Integrating Construction Kit Building Blocks. In 

Proceedings of the 32Nd Annual ACM Conference on 

Human Factors in Computing Systems (CHI ’14), 

3827–3834. 

https://doi.org/10.1145/2556288.2557005 

[41] Thomas Muender, Anke V. Reinschluessel, Sean 

Drewes, Dirk Wenig, Tanja Döring, and Rainer 

Malaka. 2019. Does It Feel Real?: Using Tangibles 

with Different Fidelities to Build and Explore Scenes 

in Virtual Reality. In Proceedings of the 2019 CHI 

Conference on Human Factors in Computing Systems 
(CHI ’19), 673:1–673:12. 

https://doi.org/10.1145/3290605.3300903 

[42] Daniel Reinhardt and Jörn Hurtienne. 2018. The 

Impact of Tangible Props on Gaming Performance 

and Experience in Gestural Interaction. In 

Proceedings of the Twelfth International Conference 
on Tangible, Embedded, and Embodied Interaction 

(TEI ’18), 638–646. 

https://doi.org/10.1145/3173225.3173258 

[43] Anne Roudaut, Diana Krusteva, Mike McCoy, 

Abhijit A. Karnik, Karthik Ramani, and Sriram 
Subramanian. 2016. Cubimorph: Designing modular 

interactive devices. In 2016 IEEE International 

Conference on Robotics and Automation (ICRA), 

3339–3345. 

https://doi.org/10.1109/ICRA.2016.7487508 

[44] Samuel B. Schorr and Allison M. Okamura. 2017. 
Fingertip Tactile Devices for Virtual Object 

Manipulation and Exploration. In Proceedings of the 

2017 CHI Conference on Human Factors in 

Computing Systems (CHI ’17), 3115–3119. 

https://doi.org/10.1145/3025453.3025744 

[45] Eric Schweikardt and Mark D Gross. 2008. The robot 

is the program: interacting with roBlocks. In 

Proceedings of the 2nd international conference on 

Tangible and embedded interaction  - TEI ’08, 167. 

https://doi.org/10.1145/1347390.1347427 

[46] Jia Sheng, Ravin Balakrishnan, and Karan Singh. 

2006. An interface for virtual 3D sculpting via 

physical proxy. In Proceedings of the 4th 

international conference on Computer graphics and 

interactive techniques in Australasia and Southeast 

Asia  - GRAPHITE ’06, 213. 

https://doi.org/10.1145/1174429.1174467 

[47] Adalberto L. Simeone, Eduardo Velloso, and Hans 

Gellersen. 2015. Substitutional Reality: Using the 

Physical Environment to Design Virtual Reality 

Experiences. In Proceedings of the 33rd Annual 

ACM Conference on Human Factors in Computing 

Systems (CHI ’15), 3307–3316. 

https://doi.org/10.1145/2702123.2702389 

[48] Gijsbert Stoet. 2017. PsyToolkit: A Novel Web-

Based Method for Running Online Questionnaires 

and Reaction-Time Experiments. Teaching of 

Psychology 44, 1: 24–31. 

https://doi.org/10.1177/0098628316677643 

[49] Ryo Suzuki, Clement Zheng, Yasuaki Kakehi, Tom 

Yeh, Ellen Yi-Luen Do, Mark D. Gross, and Daniel 

Leithinger. 2019. ShapeBots: Shape-changing Swarm 

Robots. In Proceedings of the 32nd Annual ACM 

Symposium on User Interface Software and 

Technology  - UIST ’19, 493–505. 

https://doi.org/10.1145/3332165.3347911 

[50] Unity Technologies. Unity. Unity. Retrieved 

September 17, 2019 from https://unity.com/frontpage 

[51] Emanuel Vonach, Clemens Gatterer, and Hannes 

Kaufmann. 2017. VRRobot: Robot actuated props in 

an infinite virtual environment. In 2017 IEEE Virtual 

Reality (VR), 74–83. 

[52] Ryoichi Watanabe, Yuichi Itoh, Michihiro Kawai, 
Yoshifumi Kitamura, Fumio Kishino, and Hideo 

Kikuchi. 2004. Implementation of ActiveCube as an 

Intuitive 3D Computer Interface. In Smart Graphics, 

Andreas Butz, Antonio Krüger and Patrick Olivier 

(eds.). Springer Berlin Heidelberg, Berlin, 

Heidelberg, 43–53. https://doi.org/10.1007/978-3-

540-24678-7_5 

[53] Anusha Withana, Daniel Groeger, and Jürgen 

Steimle. 2018. Tacttoo: A Thin and Feel-Through 

Tattoo for On-Skin Tactile Output. In Proceedings of 

the 31st Annual ACM Symposium on User Interface 

Software and Technology (UIST ’18), 365–378. 

https://doi.org/10.1145/3242587.3242645 



[54] Lining Yao, Ryuma Niiyama, Jifei Ou, Sean Follmer, 

Clark Della Silva, and Hiroshi Ishii. 2013. PneUI: 

pneumatically actuated soft composite materials for 

shape changing interfaces. In Proceedings of the 26th 

annual ACM symposium on User interface software 
and technology - UIST ’13, 13–22. 

https://doi.org/10.1145/2501988.2502037 

[55] Andre Zenner and Antonio Kruger. 2017. Shifty: A 

Weight-Shifting Dynamic Passive Haptic Proxy to 

Enhance Object Perception in Virtual Reality. IEEE 

Transactions on Visualization and Computer 
Graphics 23, 4: 1285–1294. 

https://doi.org/10.1109/TVCG.2017.2656978 

[56] Yiwei Zhao, Lawrence H. Kim, Ye Wang, Mathieu 

Le Goc, and Sean Follmer. 2017. Robotic Assembly 

of Haptic Proxy Objects for Tangible Interaction and 

Virtual Reality. In Proceedings of the 2017 ACM 
International Conference on Interactive Surfaces and 

Spaces (ISS ’17), 82–91. 

https://doi.org/10.1145/3132272.3134143 

[57] Kening Zhu, Taizhou Chen, Feng Han, and Yi-Shiun 

Wu. 2019. HapTwist: Creating Interactive Haptic 

Proxies in Virtual Reality Using Low-cost Twistable 

Artefacts. In Proceedings of the 2019 CHI 

Conference on Human Factors in Computing Systems 

(CHI ’19), 693:1–693:13. 

https://doi.org/10.1145/3290605.3300923 

[58] 2019. ValveSoftware/openvr. Valve Software. 

Retrieved September 17, 2019 from 

https://github.com/ValveSoftware/openvr 

[59] Rhino 6 for Windows and Mac. Retrieved September 

17, 2019 from https://www.rhino3d.com/ 

[60] VIVETM | Discover Virtual Reality Beyond 
Imagination. Retrieved September 17, 2019 from 

https://www.vive.com/uk/ 

[61] SteamVR. Retrieved September 17, 2019 from 

http://steamvr.com 

[62] Leap Motion. Retrieved September 17, 2019 from 

https://www.leapmotion.com/ 

[63] ROS.org | Powering the world’s robots. Retrieved 

September 17, 2019 from https://www.ros.org/ 

 


